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FOREWORD

This report was prepared by the Lockheed-California Company, Burbank,
California, for the Air Force Flight Dynamics Laboratory, Wright-Patterson
Air Force Base, Ohio, under Contract F33615-67-C-1461, "High Altitude Criti c•
Atmospheric Turbulence (HICAT)", ADP 682E. the Lockheed-California Company
report number is LR 21718, dated July 29, 1968. The manuscript was released
by the authors on September 27, 1968 for publication.

Air Force Flight Dynamics Laboratory management responsibility was under
the ALLCAT Program Director, Mr. E. Brazier with Mr. J. P. Boone as the Air
Force Project Engineer. The Lockheed-California Company Program Manager was
Mr. C. B. Fabian with Mr. W. M. Crooks as the Technical Leader.
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California.

Special Acknowledgments are due to the following personnel who actively
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operations: Mr. L. C. Brown, Meteorological Office, Royal Aircraft Establish-
ment, Bedford, England; 1st Lt. J. A. Calcoate, Det. 19, 26th Weather Sq.,
Barksdale Air Force Base, Louisiana; Lt. R. E. Introne, Jr., Det. 4, 8th
Weather Sq., Loring Air Force Base, Maine; Capt. K. W. Craw, Jr., Det. 5,
5th Weather Wing, Howard Air Force Base, Canal Zone; CWO B. H. Nunes, Det. 11,
6th Weather Wing, Patrick Air Force Base, Florida; Capt. D. W. Shong, Det. 21,
6th Weather Wing, Edwards Air Force Base, California. The assistance and
advice of Major G. R. Hammond, ALLCAT Staff Meteorologist and Dr. J. A. Dutton
of Pennsylvania State University are also gratefully acknowledged.

Acknowledgement is made for the valuable assistance of the following
Lockheed-California Company personnel: Mr. R. V. Jensen and Miss Joanne
McPheeters, data analysis; Mr. D. W. Thompson, field team operation; Messrs
R. H. Cook and R. C. Quist, instrumentation; Messrs. F. D. Baker, E. A. Goulette,
P. J. Tersigni, and J. M. Rapp, data processing; Messrs. E. V. Ashburn,
D. T. Prophet, and D. E. Waco, meteorology; and Mr. R. P. Boal, editor.

This report consists of two volumes. Volume I contains the main body of
the report plus Appendix I, Detailed Analysis, and Appendix II, Data Process-
ing. Volume II contains Appendix III, HICAT Flight Test Log, Appendix IV, Time
Histories, Appendix V, Oust Velocity Power Spectra, and Appendix VI, Mcteoro-
logical Suamaries of Tests.

This technical report has been reviewed and is approved.

DAV4 D. 12UY g lst t..% USAF
Chief, Experimental Mechanics Branch
Structures Division
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IL

ABSTMCT

This report describes the high altitude clear air turbulence (HICAT)
measurements and meteorological correlations derived from Air Force U-2 flights
with emphasis upon the results achieved since 13 March 1967, the program
extension date. The program effort required the measurement of CAT velocity
components at altitudes of 45,000 to 70,000 feet in 6 geographic areas.
Inptrumentation carried aboard the U-2 consisted of a PCM System, an inertial
navigation system, aerodynamic and aircraft response sensors including a fixed
vane gust probe, oscillograph recorder, and a digital magnetic tape recorder.
Instrumentation capabilities permitted CAT measurements La the wavelength
range from about 100 to 50,000 feet. The program objective was to determine
the statistical characteristics of high altitude CAT so as to improve struc-
tural design criteria. In addition, meteorological forecasts and analyses
were to be correlated with the CAT rrmasuremnts to improve CAT iorecast pro-
cedures. In the Extended Program, 18.3 hours of high altitude CAT were located
and recorded in flights covering over 156,000 miles from bases in England,
Louisiana, Maine, Panama, Florida, and California. Actual vertical, lateral,
and longitudinal gust velocity time histories and power spectra were deter-
mined and analyzed. Peak counts of true vertical gust velocity and derived
equivalent gust velocity were obtained. A practical procedure for forecasting
high altitude CAT was developed. The pilot's log, gust velocity time histories
and power spectra, as well an flight tracks and meteorological descriptions of
all the tests appear in Volume II of this report.

Distribution of this Abstract is unlimited.
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SYMBOLS

a Induced cg normal acceleration.

aF Longitudir-' acceleration in aircraft axes (ft/sec2 );
positivw rd.

2
aL Latera 'ation in aircraft axes (ft/sec ); positive to

the r•'

a. Normal acceleration in aircraft axes (ft/sec 2); positive
upward.

a Vertical acceleration in earth reference axes (ft/sec 2);
positive upward.

c Mean aerodynamic chord.

C( ) Cospectrum function. 4

CosP:ctral estimates

C Wing lift curve slope (1/rad).

0C Alpha-van.- rate-of-change of normal force coefficient with
angle-of-attack (1/rad).

Cli Beta-vane rate-of-change of normal force coefficient with
"side-slip angle (1/rad).

f Cyclic frequency (cycles/sec).

f Numerical filtering cutoff frequency (cycles/sec).
c

f Rolloff frequency.
r

f s Sampling frequency = 1/At (-amples/sec).

ft Numerical filtering termination frequency (cycles/sec).

F( ) Proba7iiity distribution function.

Measv.red alpha-vane normal force (lb); positive up.

FN Measured beta-vane normal force (ib); positive to the left.
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SYMOLS (Continued)

g Acceleration of gravity (ft/sec 2)

g( ) Statistical frequency of occurrence.

G( ) Statistical frequency of exceedanie.

h(t) Time domain weighting function of n•'merical filter (1/sec).

SH(f) Transfer function desi.gned for numerical filter.

H*(f) Transfer function of numerical filtering weights.

HpH Corrected pressure altitude (ft).

H Indicated pressure altitude (ft).
pn

iHc( )I Amplitude of frequency response function determined by cross
spectrum method.

Hs( )I Amplitude of frequency response function determined by power
spectrum method.

k Degrees of freedom.

kb Fuselage flexibility factor (rad/ft/sec2 ).

K Gust alleviation factor = .88 Lg/(5-3 + ýLg).
g

1L Scale of turbulence (ft).

Raw power spectral estimates.

Moment arm from gust probe to accelerometer location (ft).

|M Number of spectral estimates, or slope cf the pover spectral
density high frequency asymptote on a log-log plot, or mass of
gust sensing vane (lb-secz/ft).

Mi Indicated Mach number.

MT True Mach number.

N( ) Frequency of exceedance of parenthetical quantity.

N,n Number, or total number.

xx



SYMBOLS (Continued)

N 0 Characteristic frequency (cps).

Nw Number of numerical filtering weights.

P aAmbient pressure (ib/ft 2 ).

Ps Static pressure (lb/ft2).

q c Differential pressure (lb/ft 2 ). J :1
q( ) Quadrature spectrum function.

q Quadrature spectral estimates. i

r(t) Time domain transfer function of unit elevator, impulse.

R(T) Autocorrelation function.

R Estimates of autocorrelation function.

R ( ) Cross correlation function.

R Estimates of cross correlation function.

S Wing area (ft 2 ).

S Vvane area (ft)

t,T Time (sec).

ta Ambient temperature (deg C).

t t Total temperature (dog C).

ElApsed time of a data run (sec).

UAGx, UP Longitudinal gust component in earth reference axes measured in
the horizontal plane parallel to the average grid heading of the
aircraft over the dhration of a run (fps); positive aft.

UAGy, UL lAteral gust comprnent in earth reference axes measured in the
horizontal plane and perpendicular to the average grid heading of
the aircraft over the duration of the run (fps); positive to the
left.
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SYMBOLS (Continued)

UAGz, U Vertical gust component in earth reference axes measured
Z perpendicular to the horizontal plane (4ps); positive upward.

Ud Derived equivalent gust velocity (fps); positive upward.

V Equivalent airspeed (fps).

V. Indicated airspeed (fps).
in

SV.. True F_• •eed (fps).

VX, Aircraft grid-X-velocity in earth reference axes (fps); posi-
tive to the east.

Vy, Aircraft grid-Y-velocity in earth reference axes (fps); posi-
tive to the north.

w Central smoothing weight.c

w Numerical filtering weights.
n

W Aircraft weight (lb).

WI(f) Transfer function of ideal integra-ion = 1/27f.

W (f) Transfer function of Simpson's one-third rule integration.

WT(f) Transfer function of trapezoidal rule integration.

* x( ) Random function.

x Dis.crete function.S~q

Sy Load, stress, or other quantity varying with time.

y Discrete function.
q

Angla-of-attack (rad); positive for relative wind upward.

P Sideslip angle (rad); positive for relative wind from the right.

r Gamma function

Y Inclination with respect to the horizontal of the instantaneous
relative wind (rad).

xxii
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SYM3OLS (Continued)

6E Elevator angle (deg).

6H Altitude static position error correction (ft).

p

8M Mach number static position error correction.

A Incremental value. When used for time series data, increments
are with respect to mean or linear trend of data.

At Sampling interval (sec).

E EU Velocity discrepancy (ft/sec).

I Wind direction angle (deg); clockwise from north to the direc-
tion the wind is blowing.

e Aircraft pitch angle (rad); positive nose up.

Aircraft pitch angle measured by inertial platform (rad);6M positive nose up.

6 Aircraft pitch rate (rad/sec).

x Turbulence wavelength (ft). f
A Aircraft heading angle (rad); clockwise from north.

P•g Aircraft mass ratio - 2W/pg CL c S.

S4
P Air density (lb-sec2/ft4).

2/4P Air density at sea level (lb-sec /ft ).

C Air density ratio, p/po, RMS value of time history.

aStandard root-mean-square deviation.s

Cw Standard deviation of any gust velocity component, w. (ft/sec).

C Standard daviation of y.
y

T Time lag (sec).

* Aircraft roll angle (rad); positive right wing down.

Aircraft roll angle measured by inertial platform (rad); posi-
tive right wing down.

xxiIl
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SYMBOLS (Continued)

* Aircraft roll rate (rad/sec).

*( ) Power spectral density function.

t, Power spectral density estimates.n

*x( ) Cross spectrum function.

jxyh Cross-spectral estimates.

4Aircraft yaw angle (rad); positive nose right.

4 Aircraft yaw rate (rad/sec).

W Angular frequency (rad/sec).

11 Reduced frequency = 2n/. (rad/ft).

NOTE: A bar over a symbol indicates a mean value.

A caret over a symbol indicates that a filtering transformation
has been performed.

METEOROLOGICAL SYMBOLS USED:

T Thunderstorm

RW Rainshowers

R Rain

SLine of radar echoes.

(Area of radar echoes.

+ Increasing

+1- Increasing slowly
+/+ Increasing rapidly

Decreasing Intensity of radar echo.
- Decreasing slowly
"/+ Decreasing rapidly
17C No change

BE No radar echo.

NA Observation not available.

xxiv
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SYMBOLS (Concluded)

NO Equipment not operating.

I I
I I Area of severe weather forecast.

hhh Height of radar echo tops.

hhh Height of radar echo bases.

Cell movement with speed xx (knots).

AN Distance (nautical miles)

AT Temperature change (*Kelvin).

AZ Height change (meters).

AP Pressure change (millibars).
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GLOSSARY OF RADIOSONDE OBSERVATION STATIONS

UNID STATES WITflIDSTAffS (Coot)

Station No.e o U Stationl No. code1a

402 VAL Wallop@ Island, Virginia 270 ILP El ?%so, Toexa

h003 DIA Dines. Airport, Virginia 2711 TUB Tucson, Arizona

3025 1115 Huntington, West Virginia 280 YUM mr, Arizona

503 ff1 Tetelboro, NOw Jersey 290 MyF moniscinery field, Ban Diego, Calif.

45o6 ACIC Nantucket, Massachusetts 291 Sol San Nicolas Ial'iid, California

518 ALl Alhenj, New York 295 LIL! I*@ Angelea, Colifornis

520 PIT Pittsburgh, Pennsylvmnia 365 AIQ Albaquerque, New Msxico

528 BeP befaio, New York 3711 M1 Winslow, Arizona

606 PWU Portland, SNem 385 IEC Yucca Flast, Nevada

722 CAN Caribou, *sin 386 1AS I", Vegas, Caliarna

(w3)393 B Vandenbiurg Air Force Bean,Clfri
20 W31)C byWiFlrb176 W.T Grand Junction; Colorado

20 QX Ky et86riah IL! Ely# Nevwa"

202 MIA maini, none& 193 OAK Oskland, California

206 J'.X Jacksonville, florids, 572 sic Salt lake city, Utah

208 CUS Charleston, South Carolina 583 Ac9 Winnesecsa, Nevada

211 TPA Taqia, florida Zvi Ebards Air Torce, lase, California
221 1118 Valpsanlso, Florid

222 POS Pensacola, florid
226 lOS Matgowary, Mississippi Staticn No. Code News

*232 Ill noothrills, Louisana 600 SA Sable Island, Navs Scotia
235 JAR Jackson, Mississippi 722 MWf Mnudki, Quebec
301 SW? Hatter"i, north Carolina 807 AR Argentia, Newfoundland
311 AME Athena, Gerg 811 ZV seven Islands, Quebec
317 080 Oreanaboro, north Caoln 815 JT Stephbenville, Nwwoundland
w0 11A Nadavife, Twoess"i3 M6 YR ooles Day, Newfoundland
3A1 MEN Menbis, Tennessee 826 NI Nitchiquco, Quebec

(wJ-32) 836 9D Monacoe, Ontario

2110 I~ lake Charles, Louisiana CARDIKAN
2h08 WV Sheveplort, Lou~isiana StationNo Co
250 D530 n ltmfl eII, I , a
251 Cop Corpus Chrieti, Texas 39k1 my1 Monterrey, Meicoo

25 C itrII6M0 MID Mazid&, Mexico .

259 Vel Fiort Ow, Tns6%vn vesc Malc,
261 w1 Del Ni., 1am 001 MW5 80a1 Andres Isalnd, Col is

265 MW Midland, Tus 016 MW Kidlyr Feld, Dermabt
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310 LIT Little Nock, Arkansas 076 ML Nalewa Isis, baeams,

PON4 Fort seith, Arkansas 118 sJ? Turks Iale, aflawas
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30.5 08 Colusift, Muimani 381 JEWG Geomutom Grand Csyinn Island

1151 111 ca~ga City, ans 397 UCP Kinagston, Jessica

116% O Topets, i-Ana 38 MIND Santo Doeingo, osainican Republic

ho6 OLD Gangland, Kansas 501 KaE ban Island, U.S.A.
46 evr ooat526 MJSJ Ban Juan, Puerto Rico,

532 PTA Peoria, flUnoim86N0 Hsr F' a"zn
866 506 Jualian Airport, St. Martin

(W-33) an7 SIt Rteit AirdramI "omblope
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Section I

SECTION I

INTRODUCTION

BACKGROUND

The establishment of desigu criteria for the faster, higher flying aircraft of
the future requires a detailed knowledge of the intended operating environment.
Sometime before 1962 the Air Force Flight Dynamics Laboratory recognized the
need for better definition of the atmospheric turbulence environment, particu-
larly for altitudes above 50,000 feet (Reference 1). Turbulence data available
then was derived almost entirely from NASA VGH1 recordings acquired during U-2
operations totaling 192 flights in five world areas (Refereace 2). These
flights were generally mad, for purposes not directly related to atmospheric
turbulence. About half of the data from these flights, or approximately 5-1/2
hours, were for turbulence above 50,000 feet.

The Air Force realized the danger of relying solelj on the acceleration
response of the U-2 aircraft as a measure of turbulence at high altitudes. A
supersonic or hypersonic vehicle of possibly radical configuration, flying
four to ten (or more) times the speed of the U-2, will obviously have a some-
what different response to turbulence than the U-2. An aircraft flying at
these high speeds would be affected much moa 3 by longer turbulence wavelengths
and less by the shorter wavelengths than the relatively slow flying U-2. For
these reasons, %he Air Fcrce initiated a program to measure high altitude clear
air turbulence (HICAT 2 ) at altitudes above 50,000 faet in several areas of the
world. The principal objective of the program was to statistically define the
characteristics of high altitude CAT so as to improve structural design cri-
teria. To accomplish ,;his result, an Air Force U-2 was instrumented so that
true gust velocity components encountered along the aircraft flight path could
be determined.

Lockheed-California Company was directed to install and maintain the turbulence
measuring instrumentation in the U-2 as well as to process and analyze the
data. In this joint effort, the Air Force was to supply the instrumentation,
maintain and fly the HICAT aircraft, and provide overall direction of the pro-
gram. Under a separate contract (Reference 3), Lockheed was directed to uti-
lize the data gathered in the flight program to develop an analytical model of
high altitude CAT. Such a model could then provide meteorologists with an
overall basis for the prediction of the occurrence and intensity of atmos-
pheric regions of turbulent air. An adequate model would permit the assess-
ment of CAT for almost any high altitude route based upon weather data records

iAircraft velocity, center-of-gravity acceleration, and altitude

2 For broader applicability, the program title was changed by the Air Force to
High Altitude Critical Atmospheric Turbulence in 1967.
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Section I

of prior years. Such an analysis could provide pseudo-operational statistical
data of considerable value to the aircraft designer particularly in the evalu-
ation of aircraft structural fatigue due to CAT.

PROGRAM HISTORY

Most of the aircraft instrumentation for the first phase of the program
was provided off-the-shelf from Air Force inventory. In many instances
standard instruments were supplied which were not particularly intended
for turbulence research. This first HICAT instrumentation system was
designed so that the analog signals from the sensors modulated the output
of strain controlled oscillators to produce frequency modulated signals.
The FM signals were then recorded onboard the aircraft with a magnetic tape
recorder.

In the case of the gust probe, the government-furnished differential pressure
instrument was designed for low altitude measurements and not adaptable to
very high altitudes. Consequently, at the request of the Air Force, Lockheed
designed and built a high altitude gust sensor. The sensor design was based
upon the fixed-vane principle which had been utilized successfully in a prior
investigation of tail buffeting turbulence on the U.S. Navy P-3A patrol bomber.
Fortunately, it was possible to adapt the fixed-vane gust sensors to the nose
boom previously fabricated for the differential pressure probe.

The first HICAT checkout flight occurred on 20 February 1964 and the first
HICAT search on 3 April 1964. In the period ending 15 July 1964, 18 HICAT
search flights were completed, 5 from Edwards Air Force Base, California,
4 from Patrick Air Force Base, Florida, and 9 from Ramey Air Force Base,
Puerto Rico. In this initial phase of the program, the HICAT aircraft had to
be shared on a day-to-day basis with other higher priority Air Force programs.
For this reason, the flights only occasionally coincided with optimum turbu-
lence forecasts. Nevertheless, about 6 hours of high altitude CAT of predom-
inantly light-to-moderate intensity were encountered on these flights.
Turbulence in the wavelength range from 60 to 2500 feet was located and
recorded approximately 14 percent of the time at altitudes above 50,000 feet.
The program successfully demonstrated the feasibility of locating and measur-
ing significant amounts of high altitude CAT. Complete documentation of this
phase of the HICAT program is presented in Reference 4.

Recognizing the need for better instrumentation to obtain longer wavelength
measurements, the Air Force redirected and extended the HICAT program on
15 February 1965. The redirection required installation of a new digital
instrumentation system capable of measuring turbulence waves ur to at least
12,000 feet and possibly up to 60,000 feet in length. First flight with the
new instrumentation occurred 8 October 1965 at Edwards Air Force Base. After
several check flights, high altitude CAT search flights were resumed on
16 November 1965, and continued under the redirected contract until 17 Febru-
ary 1967. During this period, .14 high CAT search flights were performed along
with 32 incidental flights. Over 29 hours of CAT were recorded in the opera-
tions conducted from bases in Hawaii, New Zealand, Australia, Puerto Rico,
Alaska, California, and Massachusetts. This phase of the HICAT program is
described in detail in Reference 5.

2
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On 13 March 1967, the HICAT program was again extended, this time under a new
Air Force contract (Reference 6). In this extension the HICAT search flights
were to be conducted from bases in Great Britain, Louisiana, Maine, Panama,
Florida, and California. In addition, the extended program was improved in
two important aspects. The first improvement required the addition of a full
time meteorologist to the HICAT field team. In this way high altitude CAT
forecasts and search techniques could be improved, meteorological coordina-
tion and air weather data acquisition assured, and meteorological data
analysis considerably enhanced. The second improvement provided for a more
extensive and detailed analysis of the flight measurements than was possible
under the original contract. For completeness this analysis was to consider
the data gathered under the original contract and presented in Reference 5 as
well as the new CAT data.

PROGRAM PHILOSOPHY

It is important to distinguish HICAT flights from those U-2 flights made for
other purposes and identified by the term "operational". Operational flights
are frequently used to obtain VGH statistical data with respect to the
incidence of high altitude CAT encountered randomly. HICAT tests on the other
hand involve deliberate flights into regions of turbulence or suspected
turbulence. The emphasis is entirely upon measuring the turbulence so as to
define its intensity as a function of spatial frequency or wavelength. An
equally important objective of the HICAT flights is to sample in so far as
possible the entire known variety of atmospheric phenomena associated with
high altitude CAT. In this way considerable meteorological insight can be
gained and high altitude forecasting techniques significantly improved.

,z 2,1 ý'` ,im" 6ý m 74"
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SECTION II

INSTRJMENTATION SYSTEM

The •rimary airborne data acqui 3ition system is a digital pulse code modulation
(PCMrsystem. The sys.im accepts both analog and digital data signals from
various remote sources in the test aircraft (Figure 1) and processes them into
a digital format at 25 samples per second. The system block diagram is shown
in Figure 2. Data from this system is recorded on 1-inch magnetic tape in a
parallel format comprised of 10 data bits, one parity bit, and one synchroniz-
ing clock bit. The analog data signals are also recorded concurrently in

analog form on an oscillograph for purposes of quick-look analysis and data
sensor performance evaluation after each flight. These data signals are sup-
plied to the oscillograph following the low-pass presample filtering that takes
place within the PCM system. The effect of the analog filtering is illustrated
by the PCM frequency response data shown in Figure 3. The major components of
the instrumentation system are housed in the aircraft Q-bay just behind the
pilot. The basic HICAT instrumentation list including sensor characteristics
is shown in Table I.

Analog data signals are routed to the PCM system from a variety of sensors
located throughout the test aircraft. A fixed-vane gust probe mounted on a
nose-boom provides measurements of vertical and lateral gust forces. An iner-
tial navigation system provides information on aircraft attitude, vertical
acceleration, horizontal velocity, and horizontal displacement. Additional
acceleration, temperature, angular rate, altitude, and control surface position
information is supplied from other sensors appropriately located throughout the
aircraft.

Each analog signal is conditioned to a 0- to +5-volt level prior to entry into
the PCM system. Signal conditioning equipment includes attenuation networks,
dc amplifiers, and phase sensitive demodulators. The PCM system also accommo-
dates five channels of external digital information which is entered directly
into the system through switch closures on the pilot's control panel and other
remote locations.

The digital magnetic tape generated in the airborne system is subsequently
processed through a PCM ground station. This equipment decommutater the time-
multiplexed data and makes it available to a buffer-formatter which assembles
the data into a preprogrammed computer-compatible format. Under control of the
formatter, an output tape deck generates a gapped-format magnetic tape which is
then processed through digital computing equipment. The' ground station also
provides for limited visual display and digital-to-analog conversion of selec-
ted data channels. The airborne oscillograms are used primarily as editing
aids preparatory to ground station processing.

Details of the airborne instrumentation, the ground station and field checkout
equipment are presented in Appendix II of Reference 5.

. .
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Section II

ALTIMETER TRANSDUCERS LOCKHEED GUST PROBE
1NORMAL AND LATERAL GUST SENSORSPITCH, ROLL, AND YAW RATE GYROS 12) NORMAL AND LATERAL ACCELEROMETERS

3) 14TOT STATIC TUBE AND AIRSPEED TRAN!')UCER

TOTAL TEMPERATURE PROBE

OSCILLOGRAPH SYSTGM

MAGNETIC TAPE RECORDER

I N-3 INERTIAL NAVIGATION SYSTEM

LEFT AILERON POSITION POTENTIOMETER

LEFT WING NODAL ACCELEROMETER RGTWING NODAL ACCELEROMETER

Figure 1. Aircraft Instrumentation Location Die.~jram
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Section II
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Section II

TABLE I

HICAT INSTRUMENTATION LIST AND SENSOR CHARACTERISTICS

Inst Ship Mfr and MD4el Inst Meas System Accuracy(l)

Measurement Type Location No. Range Range Resolution (% l•l)

a-Vane Force( 'lane Probe Lo .eed FT 3809 ±12 lb 12 lb .00O4 lb ±1.3

is 56S6~-Vanke Force(2 Vane W 1 lb t2 lb .004 jb(3) .3)

Probe Lom Acc(5) Ace United PAI-5655 1.0 t3.00 1.0 t3.09 .0o• t0.9
Scontrols

Probe -A•Ac Ac " " t3g .oo6g ±0.9
Cr. form Aee(5) Aee vs 408 1.0 tl.5g 1. 0 t. 58 .003g t0.6

CG Lat Ac(5) Ace t. " t.5g .5g .O01g 0.8

L Ving Nod Ace(5) Ace WS 175 " 1.0 ±l.Sg 1.0 ±1.55 .003g X0.9

R Wing Nod Ace(5) Ace " " 1.0 ±1.5g 1.0 t1.58 .003g ±0.9

Ind Airspeed(6) A Press. Probe Romemount 831V4 0-1 peid 0-200 Ka .20 kn(T) ±1.0

Coarse Alt Press. A/C Nose " P 96D 0-15 psi 0-75 kft 28-620 ft ±2

Fine Alt Press. " 830 GI 0-2 psi 46-T5 Xft 20-83 ft (0:8

Vernier Alt(8) a Press. " " 830 G! .125 psi Iner 1.2-5.2 ft ±0.8
$. 521A 146-75 kft

Total Temp. Temp " 102 ',e 0-8o ±00C t.2
i •- • •• " z~a o,-8~c ,-8o0c .08°c .

Pitch Rate (9) yro R.C. Allen F2880-0 4 5 tlO°/S, t103/Sec .020/Sec ±0.b

P1Rae(9)oSRoll Rate (9) ro " " " O/Sec ±10/Sec .02°/Sec ±0.8

You Rate(9) (lro "" 10°/Sec ±lO°/Sec .02
0
/Sec ±0.8

L Aileron Poe Pot L Wing Gisanini 851725-94 3600 t±15° .060 t2.2

Elevator Poe Pot Tail "3600 -15° .30¢ .050 12.2(h)

Rudder Poe Pot 360° ±100 .0140 2.20)

Fuel Counter(10) Ctr Fus SOJECO - F,11 Load Full Loa .5 GalI

Pitch Angle Stable Q-Bay Litton LN-3-2A 19690 15° .030 ±0.51
Platform FS 288

Roll Angle "±900 15 .030 0-.51

%leading Sine " " 1.0 ±.707 .1O°.l6L ±0.52

Bleading Cosine "" " 1.0 ±.707 .11o!-.1° ±0.52

Vert• Accel I "±8g 1.0 ±l.04 .002S •

I-Velocity t2000 t1000 fpu 2 fps a1.1

::r kel " " " fpsj t100OfrY 2 fps 1.

X-Distance " " " " ole-to- ±500 011 1.0 8mi ±tl.
Pole

Y-Distance t±1500 nmll ±000 nI 1.0 =l t1.7

NIOTE: (1) Accuracy determined by using equation (8), Section 5, and includept such factors aj
linearity, hysteresis, zero stabillty, etc., of the basic instrumnt3

(2) Natural frequency 155 cp . damping ratio 0.4% critical

(3) Approximately equal to 0.02 degree

(14) Includes effecta of am* signal conditioners

(5) Natural frequency 300 apa, denping ratio 70% critical

(6) Natural frequency 3000 cps, dmping ratio <1$ critical

(7) At 120 knots

(8) Stability Is 0.1S is per 6 months.

(9) Natural frequency 15 cp. damping ratio ',F rititcal

(10) Driven from ship's fuel consumption instrumentation

L8
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Section III

SECTION 1I3

DATA ACQUIBITION

HICAT BASES OF OPERATION

The data acquisition phase of the HICAT program was designed to obtain CAT
search flights in various areas of the world over all types of terrain. When-
ever possible the optimum season for high altitude CAT in a particular region
was selected on the basis of the best available meteorological opinion. The
actual selection of a particular base of operation was made by the Air Force, .<.

consistent with the requirements for U-2 operations. In the current (i.e.,
extended) program HICAT searches were conducted from the following bases:

" Royal Aircraft Establishment (REBedford, England, U.K.

"* Barksdale Air Force Base, Shreveport, Louisiana, U.S.A.

"* Loring Air Force Base, Limestone, Maine, U.S.A.

"* Albrook Air Force Base, Balboa, Canal Zone (Panama)

"* Pat--ick Air Force Base, Cocoa, Florida, US.A.

* Edwards Air Force Base, Edwards, California, U.S.A. !

The schedule of HICAT operations is shown in Figure 4. Approximately one
month of search flight operations was performed at each base.

HICAT PDhOTS

The U-2 HICAT flights were performed by Edwards Air Force Flight Test Center
V/STOL Operations Branch pilots under the command of Lt. Col. James J. King.
Pilots flying HICAT missions in addition to Lt. Col, King were the following:
Lt. Col. J. H. Ludwig, Majors T. H. Smith, A. P. Johnson, J. G. Basquez,
K. J. Mason, and Captain R. E. Palmer.

HICAT niLD SCHDULPI

When the program began, it was thought that HICAT flights would be made at
optimau times during the day as determined by the field meteorologist. The
realities of remote flight test operations and the lisitationz of meteorological
firccasts resulted in some practical compromises. Aircraft, instrumentation,
and weather peramitting., flights were scheduled Monday through Friday as long
as two or more pilots were available. (When only one'pilot was available, as
occurred part of the time in Maine and Panama, only three flights a week were
planned.) Normally, HICAT flights were scheduled during daytime hours with

. 9
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Section III

the takeoff at about 10:00 AM local time. For the few night flights that were
made, takeoff was scheduled between 4:30 PM and 8:00 PM local time.

HICAT FLIGHT PROCEDURES

On the day of a flight, a flight plan was prepared, based upon a CAT forecast
derfrTed from the most recent weather observations. The pilot was then briefed
on ile high altitude CAT conditions predicted en route and any special flight
tests to be performed.

If the flight was to be over water and more than 200 miles from land, an addi-
tional aircraft was required to patrol the search area to provide navigational
aid and air rescue support. A C-97 Air Rescue transport was used for this
purpose in England and Panama.

The flights usually began about midmorning, as mentioned above, stnd were of
three to six hours duration. The instrumentation was operated continuously
throughout the flight. The aircraft normally began the CAT searches at an
altitude of about 50,000 feet. If no turbulence was encountered, the aircraft
"alternately climbed and descended at altitudes above 50,000 feet while en
route. If significant CAT was encountered, fairly level straight runs were
made through the turbulence. During these runs, the autopilot was turned off
and contro!Yi activity minimized. In order to define the CAT area an X-pattern
was frequently flown.

Flight procedures differed somewhat in those HICAT tests coordinated with the
meteorological investigations conducted by other organizations. Four tests
were flown from Barksdale Air Force Base in conjunction with the National
Severe Storms Laboratory (NSSL) of the Institutes for Environmental Research at
Norman, Oklahoma. In these tests the HICAT aircraft was vectored by the NSSL
radio back and forth over thunderstorm areas on the basis of ground radar
observations.

Five tests were flown from Edwards Air Force Base in cooperation with the
investigation of mountain waves conducted by the National Center for Atmospheric
Research at Boulder, Colorado. The procedure followed for these tests required
the aircraft to fly roughly east and west over the Front tRange Mountains just
west of Boulder or over the Sangre de Cristo Range west of Pueblo, Colorado.
Successive runs of about 100 nautical miles length were performed while

increasing the altitude in 3000-foot increments for each run above 50,000 feet.

CAT intensity was usually evaluated subjectively by the pilot as well as from

a mechanical cockpit accelerometer. Pertinent weather observations (i.e., winds,
clouds, etc.) were noted along with necessary flight and navigational infn:.ma-
tion. On most flights the pilot also took 35amm color photographs of the clouds
(if any) in the vicinity of the CAT area,

During many of the flights when the air was especially smooth, control pulses
and smooth symmetric pitch maneuvers (roller coasters) were performed. This
was done in order to check the polarity and behavior of the instrumentation as
well as to check the efficacy of the gust velocity determination.

-. .. . . .



Section III

At the end of a HICAT flight, the pilot was debriefed by the Lockheed field
meteorologist and the Lockheed field engineer. These meetings were tape
recorded for later evaluation in conjunction with the meteorological analysis.
Also, immediately after the flight, the quick-look oscillograph record was
processed and examined. Turbulence penetrations were evaluated as well as the
performance of the instrumentation. Peak turbulence accelerations were deter-
mined at this time in order to classify the intensity of the CAT encounter and
for comparison with the pilot's notes.

HICAT SEARCH STATISTICS

As the Flight Test Log appearing in Appendix III shows, 106 HICAT test flights
were made totaling 477.6 flight hours. Of these flights, 92 were planned
searches for high altitude CAT, with 66 resulting in CAT encounters ranging in
intensity from light to severe. In addition, high altitude CAT was encountered
in 6 of the 14 incidental flight tests. The incidental flight tests or non-
search tests included aircraft check flights, instrumentation check flights, and
ferry flights. Overall, 18.3 hours of high altitude CAT were recorded, 17.8
hours resulting from planned searches based upon CAT forecasts. Figure 5
summarizes the relative success of HICAT searches at each of the bases of
operation. The figure indicates that on a percentage basis the Louisiana
flights encountered the largest amounts of CAT and the Maine flights the least
amount of CAT.

The following tabulation summarizes all the HICAT flight experience including
that from the Initial and Redirected HICAT programs:

Tests
HICAT Encountering Flight HICAT

Program Test Period Tests HICAT Hours Hours

Initial Feb 64 - Oct 64 33 17 94.5 7.4

Redirected Oct 65 - Feb 67 146 84 649.5 29.2

Extended Mar 67 - Feb 68 106 72 477.6 18.3

All Feb 64 - Feb 68 285 173 1221.6 54.9

Track maps of the HIMAT search flights in the current (Extended) program are
prere.uted in Appendix VI along with a meteorological description of the condi-
tions at the time of each flight and pertinent pilot coments. Track maps for
the Initial program appear in Reference 4 and those for the Redirected program
are presented in Reference 5# Volume 131.
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Figuie 5 C&T Percen'tage in Search Flights by Base
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Section IV

SECTION IV

DATA PROCESSING

GENERAL

The purpose of the data processing phase of the HICAT program was to retrieve
edited raw turbulence data recorded digitally on an airborne PCM magnetic tape,
convert the data to a computer-compatible format on the HICAT PCM Ground Sta-
tion, and then process it through a series of computer programs designed to
provide data for a statistical analysis of high altitude clear air turbulence. II

Automatic data handling techniques were essential in processing the large
volume of data required for the HICAT program. The total amount of Oata pro-
cessed was equivalent to about 18 hours of turbulence. This required the
processing of approximately 70 million data points and the preparation of
several thousand plots of gust velocity time histories and power spectra. An
IBM System/360 Model 50/75 computer was used to process the data and to per-
form the statistical computations. A CALCOMP automatic plotter with magnetic
tape input was used for the graphical presentation of the data.

DATA ACQUISITION

Flight test data were recorded simultaneously on both a PCM magnetic tape and
an oscillogram. The PCM magnetic tape was used as the primary recording medium
and the oscillogram was used for a quick-look evaluation of the test data and
the instrumentation system by the field team.

After the postflight evaluation, all of the test data including the quick-
look oscillogram, PCM magnetic tape, instrumentation and flight data sheets,
track maps, meterological data, pilot's flight log and pilot's photos were
trwismitted to the HICAT project office at the Lockheed-California Company in
Burbank, California, for distribution and processing. Figure 6 diagrams the
data acquisition activities at the field site.

DLAh OPERATIONS

In order to verify the quality of the PCM magnetic tape and check for possible
malfunctions of the airborne PCM data acquisition system, the airborne KM.
magnetic tape was played back through the PCM ground station as soon as it wan
received. The time recorded on the tape was checked by means of a translated
visual display in terms of days, hours, minutes, and seconds. Each of the data
channels was giver a rudimentary check by means of a visual decimal display.
Fourteen digital-to-analog converters on the ground station coupled to a
direct-write oscillograph recorder could be used for further checking and

13
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Figure a oData Acquisition Activities at the Field Site

troubleshooting. Notice of any instrumentation system malfunctions discovered
in this checkout was immediately transmitted to the field team.

Instrumentation and flight data records received from the field team after
each flight were appraised to obtain the current status of the instrumentation
calibrations and configuration prior to the processing oe any data.

DATA EDITING

The airborne oscillograph record was utilized to select data samples for com-
puter processing. When the airborne oscillogram was unsatisfactory or missing,
an oscillograph record was generated on the PCM ground station from the air-
borne magnetic tape. The editing process consisted of the following basic
steps:

• Evaluation of instrumentation performance

0 Selection of turbulence samples to be processed and determination of
their start and stop times
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e Determination of turbulence intensity and character

0 Determination of aircraft attitude and control motions during CAT
penetrations.

Details of the editing process from the analysis point of view are presented
in Section V.

PCM DATA PROCESSING GROUND STATION

The editing results defined the tape sections to be processed by the PCM ground
station. The ground station then performed the following functions: retrieval
of data from the airborne magnetic tape, decommutation, digital-to-analog con-
version with analog display, conversion of the data to computer-compatible
format, and the recording of reformatted data onto computer magnetic tape. The
flight data, originally recorded on tape at 1-7/8 inches per second, was played
into the ground station at 30 inches per second, or 16 times the real-time
recording speed.

A more detailed description of the ground station is provided in Appendix II of
Reference 5.

COMPUTER SYSTEMS OPERATIONS

Six computer programs were designed to process and analyze the turbulence data
recorded on the ground station output tapes:

1. Basic data program

2. Gust velocity program

3. Statistical analysis program

4. Spectral analysis program

5. Elevatur response program

6. Numerical filtering program.

A detailed description of these programs appears in Appendix II.

Routine reduction of the turbulence data recorded on each ground station mag-
netic tape culminated in the production of two additional tapes corresponding
respectively to the first two programs above: (1) an intermediate tape con-
taining the reduced basic measurement samples in engineering units; and (2) a
final output tape recording the variables, the derived equivalent gust velocity,
and the 3-axis gust velocity components. The analysis programs (the third and
fourth programs above) were designed to accept either of the two computer-
generated tapes as their data source. The last two programs were used in a
special investigation of selected turbulence samples. The elevator response
program accepts the intermediate basic data output tape as its data source.
The program generates a tape formatted identically to the intermediate basic

II5
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Section IV

data tape except that it contains additional elevator response data. The
numerical filtering program accepts the final gust velocity output tape as its
data source. Its function is to numerically high-pass filter selected quanti-
ties from the final gust velocity output tape and generate an output tape
containing these filtered parameters. This output tape is again formatted
identically to the final output tape.

Figure 7 diagrams the operations required to convert the airborne tape to an
edited and calibrated computer tape. Figure 8 indicates the sequential opera-
tions involved in the implementation of the various; HICAT computer programs.
The heavy lines indicate routine processing. The dashed lines indicate
optional programs used for special investigations.

BASIC DATA PROGRAM

The basic data program utilizes the tape generated by the ground station to
perform certain reduction functions for each measurement. In this process the
program reads, disassembles, and translates the packed PCM data into a
standardized computing format. The frame times were monitored to ensure that
the correct time interval was maintained. The measurement samples were then
calibrated into engineering units and error checked to detect and correct
spurious data points. Finally, the calibrated measurement samples were low-
pass filtered by applying selected sets of Martin-Graham numerical filtering
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weights designed to pass only the useful frequency response range of each
measurement. A description of the derivation and application of the numerical
filters designed for HICAT data is given in Appendix II.

Upon completion of data reduction, the basi. data were recorded on magnetic

tape and also tabulated in a time series. When necessary, fully annotated
time history plots of the basic data could be generated.

GUST VELOCITY PROGRAM

The gust velocity progrem used the tape generated by the basic data program

to compute and output on tape the following parameters for the CAT data:

* Aerodynamaic variables such as VT, 1pc, ta' Mr etc.

* Derived equivalent gust velocity

0 Gust velocity component terms

* Gust velocity vertical, lateral, and longitudinal components

• Wind velocity and heading.

The methods employed to determine these parameters are presented in Appendix II.

The gust velocity program was designed to compute the gust velocity components
by several alternate methods utilizing various combinations of measurements.
These options were made available so that some gust velocity components could
still be obtained despite an instrument malfunction.

Time history plots of gust velocities and other parameters recorded on thefinal data tape may be generated as required.

STATISTICAL ANALYSIS PROGRAM

The runs found to be acceptable after reviewing the basic data were processed
in the statistical analysis program. This program utilizes two statistical
counting methods to determine the frequency of occurrence of "peaks" in the
data. The two methods are described in considerable detail in Section V, as
well as in Appendix II. Time series standard deviations (i.e., RPJ values)
were also computed in both counting methods. This information was computed
routinely for cg normal acceleration and derived equivalent gust velocity in
order to evaluate the turbulence intensity level.

| •. RAL ANALYSIS PROGRAM

To define Uh- statistical characteristics of the turbulence data in the
frequency domain, the gust velocity components and other selected parameters
recorded on the computee-Zenerated tapes were processed through the spectral

18
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analysis program. This program employed techniques developed by Tukey
(Reference 7) to compute power spectral estimates. It is completely described
in Appendix II. Tabilar listings of the spectral data and spectral plots
were automatically generated by this program.

ELEVATOR RESPONSE PROGRAM

Unit impulse time responses are used in this program to remove the effects of
elevator motion 4 ,m cg normal acceleration and derived equivalent gLst
velocity time histories. The data generated by the program is compatible with
the other analysis programs. The program is described in Appendix II.

NUMERICAL FILTERING PROGRAM

This program was designed to apply a number )f high-pass digital filters to the
data contained on the final gust velocity tape. A discussion of the program
is presented in ppendix II. The filtering program generates an output tape
containing the desired filtered quantities in a format compatible with any of
the HICAT analysis programs.

I
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SECTION V

ANALYSIS AND DISCUSSION OF RESULTS

GENERAL

The HICAT program results are based upon flight measurements of aircraft cg
acceleration response and the true or absolute gust velocity components
together with measurements of the related aerodynamic and meterological
variables. These measurements are compiled for analysis in statistical tabu-
lations, time histories, peak counts, and gust velocity power spectra. A
comprehensive presentation of all the HICAT measurements available for
analysis is provided by the HICAT Test Summary, discussed briefly below and
presented in Appendix I.

It is the purpose of this section to describe and analyze these results with
emphasis upon the point of view of the aircrait structural designer. The
main features of this presentation are the follow'_g:

0 A description of the CAT data editing procedures and the equation
used to compute gust velocities from the flight measurements.

* An examination, by geographical region, of CAT relative frequency
of occurrence and intensity per flight mile within various altitude
bands. This analysis is based mainly upon Ude peak counts deter-
mined from time histories of the aircraft cg acceleration response.
The effect of elevator input upon Ude determination is described.
True gust velocity peak counts are also analyzed.

* An evaluation of the true gust velocity power spectra utilizing two
different averaging methods to obtain spectra for aircraft design.
The representation of gust velocity spectra by various mathemati-
cally defined curves is also discussed.

• An examination of certain special statistical relationships of CAT
to determine probability distributions of rms velocities for the
three gust conponents, to determine the isotropy of the turbulence,
and to evaluate the stationarity of the vertical gust velocity.

HICAT TEST SUMMARY

The HICAT test aiummary table, Appendix I, provides a brief tabular description
of all high altitude CAT encounters in order by test and run number. Test
conditions are summarized by tabulations of time, location, altitude,airspeed,
temperature, heading and wind. The turbulence is classified by intensity and
terrain, as well as by values of cg acceleration, derived equivalent gust
velocity and true gust velocity. The table is intended to convey the scope of
the results while at the same time characterizing each CAT run with sufficient
detail to permit an independent assessment of the measured data.
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DATA EDITING

The selection of CAT samples for data processing and analysis was based upon
an edit of the flight measurements recorded on the quick-look oscillogram.
Turbulence samples were selected primarily from an evaluation of the cg nor-
mal acceleration response of the aircraft. The acceleration sensitivity of
the oscillograph trace was approximately 0.9g per inch, which provided a
reading resolution of 0.01g. If continuous rapid cg acceleration disturbances
were observed in excess of ±0.05g, turbulence was considered to be present.
Small, high-frequency oscillations in the gust probe measurements normally
provided further evidence of the presence of CAT. Usually, the pilot would
confirm the presence of CAT by activating his oscillograph event marker.

A turbulent region as defined above was considered to be significant (i.e.,
worth processing) if frequent cg acceleration peaks of ±0.10g or more were
observed. In this event,sample 3 start and stop times were noted to the
nearest 5 seconds. An attempt was madc to note all significant samples.
However, those turbulence patches of less than 10 seconds duration, corre-
sponding to about one mile in physical length, were usually ignored. CAT
encountered in turns, particularly unsteady turns, was usually excluded also.

Generally speaking, no special attempt was made to edit recordings that did
not contain the relatively rapid oscillations normally associated with the

, iconfused mixing of turbulence (nearly always noted by the pilot). It was,
: of course recognized that some long wave phenomena (e.g., gravity waves or

undulance) might exist apart from those regions commonly identified as
turbulent. However, no such perturbations were observed except for those
rare oscillations caused by the pilot or by a malfunctioning autopilot.

Each edited sample was characterized by a subjective description of the CAT
in words as well as in terms of the estimated level of the cg acceleration
peaks. In general, the following classification, derived originally from
HICAT pilots' comments, was observed.

Frequently occurring peak
. increment CAT description

±0.05 to ±0.10 Very light (VL)

±0.10 to ±O.25 Light (L)

±0.25 to ±0.50 Moderate (M)

±0.50 to ±0.75 Severe (S)

±0.75 or greater Extreme (X)

3 After processing in the ground station, CAT samples are usually called runs
and referred 'to by a run number.

22

------ 77 -



Lj

Section V

Figure 9 illustrates the relationship between the data editor's subjective
evaluation of CAT intensity and the various measures of turbulence intensity,
i.e., cg acceleration, derived equivalent gust velocity, and true (absolute)
gust velocity. The measurements are rms values computed from time series
data or, in the case of the vertical gust velocity, power spectral data.

As an aid to later analysis, the aircraft attitude during the turbulence
penetration was noted, i.e., level, climbing, descending or turning. In this
connection, average rates of climb or descent less than about 400 feet per
minute were considered to be level.

Frequent or excessive use of the controls as evidenced by changes in control

surface positions or fuel flow rate were also noted. Relatively slow, large-
amplitude motions of the elevator were suspect if the turbulence was very
light and occasionally resulted in a CAT sample being passed over.

DISTRIBUTION OF TURBULENCE BY ALTITUDE

The amount of turbulence encountered in a given altitude band obviously depends
upon the amount of turbulence which naturally occurs in the particular band
as well as the time or distance searched within the band. Figure l0 graphically
depicts the number of miles flown in 5000-foot altitude bands above
45,000 feet for each base of operations and for all bases and for all bases
including data from the Redirected program. Figure 11 shows the number
of miles of turbulence encountered in the same altitude bands in similar
fashion.

These two figures considered together appear to indicate a possible increase
in `Lhe occurrence of turbulence in the 50,000 to 55,000-foot band when all
bases are considered.

GUST VELOCITY TIME HISTORIES

The gust velocity time histories are presented in Appendix IV, Volume II. A gust
velocity time history is shown corresponding to each run for whicn gust
velocity power spectra are presented in Appendix V.

A typical gust velocity time history appears in Figures 12 and 13. The first
figure presents time histories of the three gust velocity components along
with derived equivalent gust velocity, corrected pressure altitude and
ambient air temperature. The second figure shows the associated time
histories of true airspeed, roll angle, aircraft heading, elevator position,
cg longitudinal acceleration, and cg normal acceleration.

Determination of Absolute Gust Velocity Components

The determination of the absolute gust velocity components of atmospheric
turbulence from an aircraft requires the measurement of (1) the motion of the
air disturbances with respect to the aircraft and (2) the motion of the air-
craft with respect to the ground. In the HICAT instrumentation system the air
disturbances relative to the aircraft are meesured with a gust probe; the
aircraft motion relative to the ground is determined by an inertial platform.
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Secticn V

The basic equations used to determine the vertical, lateral, and longitudinal
gust velocity components from the HICAT measurements are given below:

UV = VTA + VTApA- VTAO+ fAazdt + LA6

UL = VTAP- VAA + VT -AVX, cos + " sinK + I•

u = AV - Wvx, sn A- AVY, cosA

The A's indicate zero-mean quantities. Linear trends are removed from the
gust components after all the terms are summed. When inertial platform
measurements were defective, independent acceleration and rate gyro measure-
ments were used to compute the gust velocities as described in Appendix II.
The derivation of all of the gust velocity equations is given in Appendix IV
of Reference 5.

Determination of Derived Equivalent Gust Velocity, Ude

The derived equivalent gust velocity is a fictitious gust velocity inferred
from measured airplane cg normal accelerations. The concept has been used
for many years to determine airplane structural design loads and accelerations
for gust conditions. It is based on a simple theory in which the following
major assumptions are made:

* The airplane is rigid.

* The airplane is free to rise but not pitch.

* The airplane is in steady level flight prior to entry into the gust.

* The 'gust velocity profile is a one-minus-cosine shape with a
length of 25 wing chords.

Under these assumptions, the maximum airplane acceleration, in g's, is given
by

- CLa Ude (i)

or, conversely,

Ude J AS (2)
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where

.88R
K (3)
g 5 . 3 + Lg

2W
fg CL pcgSCIa

In equation (2), Ude is the maximum gust velocity in the one-minus-cosine
profile. The subscript "d" in Ude stands for derived and the "e" ftr equiva-
lent.4 It emphasizes the fact that when Ude is obtained from flight-measured
cg normal accelerations using equation (2), it is not an actual gust velocity
but a derived equivalent quantity. Ude can be interpreted as the gust velocity
that would produce the measured value of & a x if the restrictions contained
in the basic assumptions were met. One assump on that is not even closely
met is that pertaining to gust shape; the simple one-minus-cosine shape of
fixed length bears little resemblance to the actual complex gust velocity pro-
files measured in the atmosphere. Nevertheless, it has been found that this
highly simplified theory gives a very good indicatim of the relative accEC ir-
ations experienced in turbulence by various airplanes. As a result, it has
been a very useful design tool. If statistical data on cg accelerations of
existing airplanes are converted to Ude form by means if equation (2), then
the acceleration experience of a new airplane can be predicted by means of
equation (1). This approach has been used for many years both in establishing
design loads and in defining repeated loads spectra for fatigue analysis;
only recently has it been supplemented by newer theories that are more precise
both in their description of the gust pattern and their treatment of the air-
plane dynamics.

It is clear, however, that the derived equivalent gust velocities inferred
from cg accelerations are, in fact, fictitious gust velocities that bear
little relation to actual gust velocities that might be measured directly.
It is also clear from the above derivation that Ude should be regarded as
applying only to peak values, obtained from the measured peak values of A ag.
As a matter of convenience, however, it has become ceon practice to apply
the bracketed term on the right-hand side of equation (2) to the entire A aN
time history and to designate the resulting variable Ude. Thus, when peak
values are read from the time history, no further conversion is necessary.
Also, this term can be regarded as a normalizing factor which places not only
peak values of acceleratiLA, but acceleration time histories as 0e0l, on a
commn basis largely independebt of the characteristic& of any individual
airplane. In the HICAT progra a time history of Ude in ccpted for each
run from the measured time history of cg normal acceleration. Average values
are used during a run for alU quantities in the expression for Ude except AiN"

* 1 Ude U d (p/po,)V/2. so that at se., lave, Ude is equal in magnitude to the

derived gust, Ud.
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The variations during any single run of these other quantities are generally J

sma• l enough to have a negligible effect an the values of Ude. Values of So
ov and CL used In calculating Ude were as follows:

8 - 6W ft2,

c - 8.4 rt,

CL as shown in Figure l4.

PLAK COtUT AND ZECCNA= DATA

Objectives

The pat, velocity peak count anCalyss has two objectives:

* Dete'mination of the level of turbulence encountered and correlation
with existing published data, particularly the VWH data presented
for ,the U-2 in References 2 ad 8.
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0 Determination of the stationarity of turbulence (as traversed
by the airplane) by comparing HICAT cumulative pesk count
distributions with peak count distributions giv(n by theory
for a stational-y Gaussian process (Rice's equatin).

In support of the first objective, primary emphasis was placed upon peak
counts of the derived equivalent gust velocity, Ude. Relatively complete
Ude peak counts were obtained. Peak- counts of absolute gust velocities were
also obtained. However the number of such peak counts was limited for the
following reasons:

(1) The very long wavelength components of the turbulence corresponding
to frequencies of 0o015 cps or less can contribute substantially
to the peak count data, yet are of uncertain validity because of
instrumentation resolution limitations.

(2) With high pass filtering performed to remove the very long wave-
length components from the data, the resulting peak counts depend
upon the filter used. The proper interpretation and use of such
peak counts is not evident at this time. It is n't clear how
such peak counts might be used directly in developing design
criteria, and inasmuch as the filter characteristic is quite
arbitrary, valid ccuparisons with peak count data obtained in
other programs would depend upon agreement as to the filter to
be used.

(3) To date, gust velocity peak cournts have been of value chiefly in
establishing gust intensity statistics from WH data for normal
operations. In the HIM programs, there has been no attemQt to
obtain either a random sample of the atmosphere or one that would
simulate normtl aircraft operations. Consequently, in this program,
axtensive peak counting has been considered to be of secondary
i.pc•rance, and tbh wuasure of relative turbulence intensities
given by the HICM tjde peak counts in considered adequiate.

As a result, peak counting of absolute gust velocities was confined to a few
of tpe mora severe turbulence encounters.

In support of the second objective, detemndation of CkT stationaritys peak
counts were obtained of both Ude and the vertical ecempent of absolute gust
velocity for a nmer of representative runs.

Two difMeent procedures, described belmw, woen used in peak counting the

HIM! data.
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Mean Crossing Count - In the first procedure, peaks were defined as maxima
occurring between adjacent zero crossings, based on the time history
after removal of linear trends. This definition is a very simple one that
has been used quite generally. In obtair~ing the peak count, the peaks were
classifi~d by absolute magnitude within various intervals - that is, b'th
positive and negative peaks were included and combined. The numbers of
peaks falling in the various intervals were then accumulated, starting with
the highest interval. Thus the resulting peak count curves give the number
of peaks in excess of any given value of the parameter counted.

Positive Slope Level Crossing Count - In the second peak counting procedure,
the number of positive slope crossings of positive levels defines the
number of peaks in excess of that level. Similarly, negative slope
crossings of negative levels define negative peaks 5 . This peak counting
technique is inherently cumulative, so that a cumulative sum is obtained by
simply combining the counts of positive and negative peaks. This technique
gives the kind of peak count that is predicted theoretically for a stationary
Gaussian process by Rice's equation, as discussed in this section under
Stationarity. Comparison of peak count curves obtained in this manner with
the corresponding theoretical curves given by Rice's equation for the same
runs provides information that can be extremely imporuant when measured gust

velocity rms values are used in establishing a model of the atmosphere
for design use.

Classification Intcrvals - The classification intervals for both peak
counting techniques were 0.05g for AaN and 1.0 foot per second for Ude and
absolute gust velocity. In order to eliminate the counting of many insigni-
ficant peaks in the mean crossing method, a threshold was established about
the mean equal in magnitude to ±10% of the basic counting interval. However,
since the emphasis in the positive slope level crossing count is upon the
frequency of occurrence of peaks of all sizes at all 'Levels, no threshold
was used.

Compaison of Results Using Mean Crossing and Positive Level Slope Crossing
Procedures - The peak counting procedure that is most preferred for relating
actual peak counts to available theory, as noted above, is the positive slope
crossing procedure. On the other hand, frequency of exceeaance data are
often available only on a mean crossing basis. In fact, peak counting of
tne vast body of VGH data would probably be quite dificult on any other
basis. Consequantly, it is of interest to compare the results of the two
types of count.

5Both positive and negative crossings of the zero or reference level are
counted.
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Section V

Such comparisons are shown, for a rapresentative collection of runs, in
Figures 15 and 16. The particular runs chosen are those used in the investi-
gation of stationarity later in this section.

Figure 15 shows the effect of the peak counting procedure on Ude peak counts.
The curves given by the two methods will usually coincide at both ends. The
number of positive-slope zero crossings is equal or within one count of the
total number of individual positive peaks, and usually the one highest peak
will define the same point on both curves. In between, the "positive-slope
level crossing" curve is always higher than the "mean crossing" curve. This
relation must hold because wherever the time history reaches a maximum,
decreases through a level (but not to zero), and then increases through the
level to another maximum, there will be only one mean crossing peak but two
positive slope level crossings.

The closeness of the curves given by the two procedures is somewhat variable,
but generally the agreement is very good. The maximum difference between the
two curves on the frequency-of-exceedance scale ranges from a factor of 1.10
for case 107-14 to 1.40 for cases 102-2, 266-12, and 266-17.

Inasmuch as the Ude peak counts are f:requently distorted by pilot inpl'ts to
the elevator, it is of interest to conpare the peak counting procedures also
on the basis of high-pass-filtered time histories of the absolute gust
velocity. Such comparisons are shown in Figure 16. The time histories used
were of the vertical component of' the kust velocity and were high-pass filtered
using the 7000-ft filter des•cribed under "Peak Counts of Absolute Gust
Velocity" later in this section. The filtered time history of absolute gust
velocity is a quantity that should be rcughly comparable to Ude. Ideally,
Ude also results from high-pass filtering of the absolute vertical gust
velocities, where, in this case, the filter is the airplane. The difference
between the peak count methods is a little greater in Figure 16 than in
Figure 15, whereas oae might have expected it to be less because of the
absence of any effect of pilot action. In Figure 16, the maximum difference
bco;ween the two curves on the frequency-of-excuedance scale ranges from a
factor of 1.20 for case 14 7 -4 to 1.9 for case 220-10.

The smaller difference between methodb for the Ude data than for the UV data
may be related to the band width of the data, A very narrow band random time
history will consist of successive cycles at almost constant frequency, which
vary only gradually in amplitude. For such a time history, alnost any con-
ceivable peak counting procedure will give the same result. It is only where
the time history contains a wide band of frequenicies that rules are needed
to define what is meant by 4 peak. The UV time history has a band widtn
extending from roughly 0.1 cps (the termination frequency of the high-pass
filter) to 5 cps (the cutoff frequency of the low-pass filter). On the other
hand, the Ude time history is confined to a considerably narrower band width.
The tennination frequency of the airplane as a high-pass filter is about
0.5 cpS (as indicatedby the frequency-response functions s]'own under the discus-
sion of A Values for Use in Determiningow Distributions later in this section);

6 Under certain conditions it is possible to have several crossings of the
highest level with only one maxima.
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Section V

and the low-pass filter cutoff frequency used in cbtaining cg normal
acceleration and Ude is 3 cps. Thus there is some reason to expect a smaller
difference between methods for the Ude peak counts than for the absolute gust
velocity peak counts.

Ude Peak Counts

The Ude peak count data presented herein represent virtually all of the
turbulence encountered during the 1965-1967 and 1967-1968 HICAT programs.
"A limited amount of turbulence data, however, was not included for a variety
of reasons. Peak counts were obtained on]lv for the portions ;)f the flight
records identified as runs, as expla'ned under Data Editing.

Difficulties with the airborne instrumentation precluded obtaining peak counts
from some runs. Peak counts were not obtained for runs in which maneuvering
was conspicuous and led to load factors that could be misinterpreted as
significant gust response. As noted earlier, the oscillograph records were
edited so as to provide runs containing reasonably continuous turbulence.
Accordingly, some very short bursts of rough air were not classified as
runs so peak counts were not made of these data. Finally, some runs contained
measurement anomalies, caused by radio transmission interference or other
electrical noise, which prevented their being processed. The data that were
lost or discarded for these reasons amount to only a very small percentage of
the total in the peak count summary and, hence, do not affect the conclusions
regarding the peak ccount data.

HICAT peak count data were obtained during flights upecifically directed
toward locating and measuring turbulence. As a result, the HICAT data would
be expected to reflect a more severe exposure than VGH data obtained in
routine operations. The latter data would reflect a more random sampling of
the atmosphere, or perhaps actually a bias toward less frequent and less
severe turbulence. Such a bias could result from the use of turbulence
avoidance procedures or from the possibility that operational missions would
be 'ess frequently carried out tuider the type of weather conditions likely
to occur in conjunction with turbulence. Another factor that might augment
tihe severity of HICAT encouiters is that, in a number of instances, once a
turbulent region was found, repeated passes were made through the same region
in different directions. On the other hand, there were two or three
occasions when the pilot maneuvered the aircraft out of the turbulence
becaise of its severity. 7 As a resulL, for these cases some of the higher
gust velocities may have been missed.

The miles flown in high altitude CAT are considered to be those "runs" defined
under Data Editing. Generally, the criterion used as a guide in breaking the
flight records into runs was that the -g acceleration trace be continuously
disturbed (±O.05g) and exhibit frequent peaks in excess of ±O.lOg,

7Severe turbulence in the sense that airframe fatigue load damage was
possible although actual cg accelerations were well below limit values.
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corresponding to an average U, of about 1.7 fps. This criterion is, of
course, arbitrary and quite su-bjectiie in its application. In fact, some
of the very long runs needed to establish power spectral densities at the
longest wavelengths included scattered regions in which no ±0.lOg peaks
occurred.

The Ude peak counts presented in this section were obtained by the mean-
crossing method for consistency with the peak count data available from VGH
recorders for operational flights. Flight miles are statute miles and were
obtained from flight time by multiplying by an average airspeed of 700 fps.

S.nmary of Data by Location - The peak count data obtained from the 1965-1967
HICAT flights are summarized in Figure 17 taken from Reference 5. Figure 17
presents frequency of occurrence of derived equivalent gust velocity, Ude,
per flight mile from each of seven bases of operation, together with the
summation per total flight mile (statute).

The peak count data obtained from the 1967-1968 HICAT program are summarized
in Figure 18. Figure 18 presents frequency of occurrence -t derived equiva-
lent gust velocity, Ude, per mile frumr each of six bases of operation,
together with the summation per total flight-mile. It can be seen that the
most severe turbulence in either program was encountered during the 1967-68
flights from Edwards AFB, California. The maximum measured incremental value
of cg acceleration, l.lg, resulted In a maximum value of Ude of 22 fps.

Envelopes of the 1965-1967 HICAT and 1967-1968 HICAT date presented in Fig-
ures 17 and 18 are compared in Figure 19. Figure 19 clearly shows that on a
flight-mile basis the 1967-1968 HICAT data contain much higher and lower levels
of turbulence than the 1965-1967 HICAT data. The combined total for both
programs is also shown.

Most Severe Individual Runs - The frequency of exceedance curves of Ude per
flight mile for two of the HICAT runs in wuich the highest Ude and cg normal
acceleraticn peaks were recorded are shown in Figure 20. Run 18 of Test 266
contains the highest peak, a cg acceleration increment of 1.1 and a Ude of
22 fps, recorded in the HICAT program. Run 14 of Test 266 does not include
as high a single peak, but otherwise its exceedance curve is considerably
more severe than that for Run i8.

These curves, particularly that for Run 14 of Test 266, exhibit a much shal-
lower slope than shown in Figure 18 for either the average for Edwards AFB
or the average for the entire 1967-68 HICAT program. This shallower slope
indicates that the turbulence encountered in theSe two runs is much more
severe than the average for all runs. The !1de peaks encountered in Run 14
of Test 266, for example, at a given frequency of exceedance per mile in
turbulence, range from 2 to nearly 4 times as great as those shown by the
curve representing the average of all of the Edwards AFB runs.

To obtain an indication of the cg acceleration peaks experienced in these
runs, the Ude values can be divided by 20 to approximate the acceleration in g.

8 This value occurred without significant elevator input and was asaociated
with a true irust velocity increment of about * 40 ft/sec.
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Section V

Effect of Altitude - A breakdown of frequency of exceedance of Ud by altitude
bands is shown in Figure 21. All available data from both the lo5.-1967 and
1967-1968 HICAT programs are included. The 50,000-55,000 foot band shows the
highest turbulence levels. The turbulence level decreases as the altitude
in,2reases, with the exception of the lowest altitude band of 45,000 to 50,000
feet. The lower gust severity in the 45,000-50,000 foot band may reflect a
real trend, or may be the result of an inadequate sample for this band.

Comparison with U-2 oerational VGH Data - Figure 2? presents a comparison by
altitude band of the exceedance data obtained in bcth the redirected and
extended HICAT programs with Qimilar data obtained with VGH recorder during
operational U-2 flights. The operational data were obtained in a continuing
program, the first significant results of which were presented in Reference 2.
The results shown herein were taken from REference 8; they represent roughly
three times as many miles of flight as the earlier reference. The flight miles
represented by the HICAT data and by the cperational data, in the pertinent
altitude range of 50,000 to 70,000 feet, compare as follows:

Flight Miles, Flight Miles,
Altitude Band, Ft HICAT Operational VGH

50,000-60,000 217,000 142,000

60,000-70,000 116,0OO 577,000

Total in these bands 333,000 719,000

As noted in Reference 2, the data sample available at that time reflecting
operations over Japan showed turbulence of much greater severity than samples
from other geographic areas. It was found, moreover, that the high gust fre-
quencies shown for the Japanese operations resulted primarily from just two
turbulence encounters, both at about 52,000 feet, over a total distance of

35C miles. The Ude frequencies of exceedance were therefore shown, in both
References 2 and •, separately with and without inclusion of the Japanese data,
and are shown similarly in Figure 22.

Regardless of whether or not tha Japanese data are included, both the HICAT
data and the operational data indic&te the turbulence exposure to be more
severe for the 50,000-60,000 foot bend than for the 60,000-70,000 foot band.

In the 60,000-70,000 foot band, and in the 50,000-60,000 foot band with the
Japanese data excluded, the operational gust velocities are seen to be only
acout half as high as the HICAT gust velocities, at a given frequency of
exceedance.

In the 50,000-60,000 foot band, even with the Japanese data included, the HICAT
exposure is somewhat more severe than the operational exposure. The nearly
constant vertical distance between the HICAT line and the operational VGH line
(the tuo highest solid lines) suggests a different percent of time in turbulence.
The indication is tVai the percent of time in turbulence was about thre,' times
as high in the HICAT flights as in the operational flights. Both the higher
percent of time in turbulencc in the NICAT program and the greater average
severity of the turbulence encounter.3d (as indicated by the shallower slopes)
are consistent with tne deliberate efforts in the HICAT program to find
turbulence.
40
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Section V

Comparison with Current Design Requirements - Figure 23 presents the variation
of Ude with altitude presently used in design of military aircraft (Refer-
ence 9). Superimposed on this figure are the maximum values Of Ude obtained
in the HICAT program to date, including the data from Test 33 reported in the
HICAT interim report (Reference 4), as well as the data from the 1965-1967 and
1967-1968 HICAT programs. Approximately.436,000 miles have been flown in
HICAT flights to date (including flights made before the program redirection),
and the design values of Ude between 45,000 and 70,C00 feet have not been
exc Ided. A signficant margin exists between the highest recorded value of
Ude a±d the d~esign value at the corresponding altitude.

80 I
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Effect of Elevator Motion on Upe Data

A striking feature 'of some of the Ude time histories obtained in the HICAT
program is the occasional presence of "guasts" of unusual duration - 10 seconds'
or more - and substantial magnitude, as illustrated by the following sketch
(a portion of Test 266 Run 12):

U
+10i de

-10A

+2 ELEVATOR POSITION

I a I a I i 1 , I , I i

60 80 i0O 120 14o 160

ELAPSED TIM, SEC

Three such "gusts" appea:, in this time history - a.ternately negative, pcsi-
tive, and negative - from tiue 90 to 120 seconds.

Gusts of this dluration would be of little note in an absolute gust velocity
tie.,'e. But Ude - the derived equivalent gust velocity - is simply the airplane
cg normal acceleration multiplied by a constant. And the airplane response
characteristics are such that, no matter what the du-ration of the gust, a
significant acceleration in one direction ordinarily would not persist for
longer than two or three seconds. Thus it is not surprising that the elevator
position time history shown above apparently confirms that the Tide excursions
result from a maneuver produced by the pilot.

If what is observed in this very short sample of one run characterizes the
major part of the HICAT data, then the removal of the effect of the maneuver
from the Ude time histories would have a significant effect on the Ude peak
counts. Clearly, the highest peaks would be substantially reduced, and many
more low peaks would be counted.

i
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Section V

A quantitative evaluation of the effect on the peak counts of removing the
maneuver contribution would be of considerable interest. In determination of
Ude or cg acceleration peak counts from VG-H or other data, and in calculating
Tw distributions from the peak counts, it is easy to forget that the accel-
eration time histories may not represent purely the effects of turbulence and
that, in fact, it may oe quite difficult to separate the effects of turbulence
from tne effects of maneuvers. The maneuvering found to occur in some HICAT
flights may or may not be representative of that occurring in operational
flights from which VGH records are obtained. iNevertheless, an atttenpt to
evaluate the magnitude of the maneuver effect in a limited number of KITCAT
runs appeared to be worthwhile.

For this purpose, analysis was performed on four runs. For convenience, the
analysis utilized the cg acceleration time histories; manifestly, exactly the
same results would have been obtained using the U time histories instead.

de
It might be mentioned that not all elevator motion should necessarily be
regarded as due to maneuvering. If the pilot is flying essentially "stiŽk-
free," the elevator may tend to float in direct response to the turbulence
itself and in response to the airplane motions induced by the turbulence.
Similarly, the pilot may attempt to alleviate specific gusts by control motion
and may thus become part of the airplane dynamic system.. In the work described
in the following paragraphs, it is the total effect of the elevator motion
that is evaluated.

Method of Removing Effect of Elevator from Ude Time Histories - The method used
to remove the effect of elevator motion from the cg normal acceleration time
histories is identical to that described in References 10 and 11. First, a

test is conducted during flight in smooth air and at the selected altitude and
airspeed, an elevator pulse is introduced. This consists of displacing the
elevator substantially and then returning it to the tlim position, all in a
period of about a second. From the recorded time historieE of the elevator
motion and the resulting cg acceleration, it is possible to calculate the cg
acceleraticn time history that would result from a unit elevator displacement
impulse -i.e., an elevator pulse of infinitely short duration. The elevator
time history measured in an actual run through turbulence is then divided into
many very short elements, each of which is treated as an impulse. Superposi-
tion of the cg acceleration time histories produced by each of these impulses
then gives the cg acceleration time history produced by the elevator motion
over the entire run. The specific app~icetior of this procedure to the HICAT
data is described in Appendix I.

For HICAT, two elevator pulse tests were conducted, one in which the elevator
pulse was positive and one negative. The resulting unit-.impulse responses
were averaged. Inasmuch as the fliGhT co1di-iions were nearly identical, the
two unit-impulse responses should have agrp Unfortunately, the differences
were sufficient to cast some doubt on the t-curacy with which the effects of
elevator motion could be removed. Also, the unit-impulse response used applies
exactly only for the particular speed, altitude, airplane weight, and cg
position at which obtsin-d, whereas 'he varidus 1IICAT runs all differ somewhat
in flight condition. It should be emphasized, therefore, that in the work that
follows, the effect of the elevator motion is never completely removed. At
best, only some sabstantial part will be removed, perhaps on the order of two
thirds to three quarters of the total effect.
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Selection of Runs for Anasis - A total of four ru.s was chosen for evaluating

the effect of elevator motion on the cg normal acceleration. They are:

Test Run Duration, seconds Altitude, feet EAS, Knots

262 11 400 59,000 130
265 17 165 60,000 125
266 12 450 56,000 129
266 7 65 54,500 138

Test 266-7 is not included in the list of runs used for power spectral
analysis (Table II) because of its short duration, but is included here because
of the large amount of elevator motion and the accompanying cg normal
acceleration peaks it contains.

In selecting the above runs it was necessary that they be for flight conditions
close to that for which the unit-impulse response was calculated (55,000 ft,
139 KEAS), as the response of the airplane varies considerably with both
equivalent airspeed and air density. It was also required that the runs con-
tain a substantial amount of elevator motion.

Discussion of Time Histories - The time histories cf the four runs analyzed are
shown in Figures 24 through 27. For tests 262-11, 265-17, and 266-12 five time
histories are shown. The first (at the bottom of each figure) is the adjusted
elevator position. This is simply the actual elevator position with the mean
value for the entire run subtracted out. The second time history (moving up
the page) is the cg normal acceleration. This is shown as measured, with the
acceleration due to gravity included. It is also shown after high-pass filter-
ing (4th from the bottom) for comparison with corrected cg normal acceleration.
The 3rd time history is the induced cg normal acceleration. This is the
increment of cg normal acceleration which is calculated as due to the elevator
motion. It is obtained by approximating the adjusted elevator position by a
series of impulses, and applying the time response due to a unit elevator
impulse to each of these impulses. The responses due to these impulses are
then summed at each instant of time to give the induced cg normal. acceleration
time history. The corrected incremental cg normal acceleration (5th from the
bottom) is obtained by subtracting both the mean acceleration and the induced
cg normal acceleration from the cg normal acceleration time history. This is
the cg normal acceleration that theoretically should have resulted from the
turbulence had no elevator motion been present during each run. It has been
high-pass filtered to remove long term trends produced by trim changes and
inaccuracies in the correction process.

Examining these four time histories, it is evident, first, that there is a
6trong tendency for cg normal acceleration peaks to correspond with elevator
position peaks. In Figure 24, in fact, the twc time histories are remarkably
similar in shape. Next, the induced cg acceleration time history is seen to
reproduce, fairly closely in some cases, the shape of the cg normal acceler-
ation trace; the most conspicuous differenee between these two time histories
is in the frequency components of wavelength shorter than one or two seconds,
which are largely suppressed in the induced acceleration time history. The
corrected incremental cg normal acceleration trace reflects the close
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Section V

similarity of the cg acceleration and induced cg acceleration traces. In
Figure 24, for example, nearly all evidence has been lost of the numerous high
peals of several seconds duration, and the highest peaks are decreased by
approximately a factor of 2. Thus it is quite clear that in this run nearly
all of the large peaks of several seconds or more duration are primarily the
result of elevator motion.

A somewhat different characteristic is shown for Run 266-7, in Figure 27.
Here there is no visual evidence of actual maneuvers, as the longest wave-
lengths evident are no longer than about 2 seconds. Nevertheless, removal of
the elevator effect reduces the cg acceleration excursions by a factor of
three or four. In this case, it appears that the pilot may have been attempting
to control the response of the airplane to turbulence and was actually
accentuating it. Note that the shortness of the run made high-pass filtering
unnecessary and consequently the filtered uncorrected cg acceleration time
history was omitted.

Discussion of Peak Counts - Peak counts of cg normal acceleration vere com-
puted for the three runs for which filtered time histories are shown. A
comparison of the peak counts before and after the effect of elevator motion
is removed, on the basis of both the filtered and unfiltered time histories,
is shown in Figure 28. The "mean crossing" peak count procedure was used.

The significant curves in each figure are those representing the filtered data
(dash lines). Although the change in the peak count curve due to removing
the elevator effect differs in magnitude from run to run, the qualitative
features are the same. The highest peaks are reduced significantly, whereas
the total number of peaks increases. The effect of the high-pass filtering
is seen to be significant only for Run 266-12; this is the run for which it
was clear from the time histories that a filter was needed.

Discussion of Coherencies - Various coherency functions of interest were
computed for the three runs investigated and are shown in Figure 29. Probably
the most illuminating figures are the first one for each run. These show the
coherency between the cg acceleration, both uncorrected and corrected, and
the absolute gust velocity. At frequencies above about one cps, the two
coherencies are nearly the sam and fairly close to unity. At lower fre-
quencies, the coherency drops off and is especially low between the uncorrected
acceleration and the gust velocity. It follows that in this frequency range
there rust be some input other than the gust velocity that is producing the
cg acceleration response. This evidently is the pilot input to the elevator.
The lack of coherency indicates an independent (or perhaps nonlinear) pilot
maneuver input rather than an inpit in which the pilot responds linearly to
the turbulence as part of the airplane dymnmic system.

The solid line curves at the bottom of Figure 29 are also of interest, The
consistently low coherency over the frequency raago, between gust veloclty
and elevator position, indicates that there is no stiong tendcncy !•" the
elevator to respond to the gust input, either directly cr through the action
of the pilot.

50



Section V I

Iw

o .o. 
-

I 0

4 94)

a 4)0Iiis ' i -

-0.

aD,

oil

"II

I - A

II-

51



F

Section V

TEST 262, RUN 11 TEST 265, RUN 17 TEST 266, RUN 12
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Concluding Remarks - From the various time histories and peak count curves
shown, it is evident that pilot inputs to the elevator increased the larger
acceleration and U.; values in non, or the HICAT runb ly facto-s ranging from
around 0.2 to as much as 4.0. The runs analyzed are not typ- -ai of all the
HICAT data, however, since the basis for their selection was the appearance
of significant motion in the elvvator time histories. Therefore, it would
appear that for the HICAT data as a whole the effect of pilot input would
average considerably less.

A Values for Usýý in Determining a> Distributions from VGH Data

Background - In establishing probability dfstributionr' of rms gust velocity
for use in airplane design, there has been great dependence upon the vast
store of VGH data obtained under opezational conditions.

To derive cw distributions from the cg acceleratici: peak counts available from
the VGH data, two quantities, A and- No, mast be known. Bothi quantities depend
upon the airplane, the flight condition, and th• assumed shape of the gust
power spectral density ftunction. A is the ratio of the r•ri_ cg acceleration to
the rms gust veloeit.y. i.e., A :- .aN/0w; -t is analogous -, the ratio aN/tJde
used in obbaining Ude peak counts from cg acceleration data. NO is the char-
acteristic frequency of tne cg acceleration response.

In design, A and NO are determined analytically. A frequency-response func-
tion is first obtained by dynamic analysis. At each frequency, the gust power
spectral density is then multiplied by the square of the amplitude of the
frequency-response futnction to give the power spectral density of the cg
acceleration. The rms values of the cg acceleration and th• gust vTlocity are
obtained as the square roots of the areas under the respective power spectral
density curves, and A is given by their ratio. NO is the radius of gyration
of the cg acceleration power spectral density about zero frequency.

For use in determining ow distributions from flight data, A is usually obtt in,,"
by means of simple theory in which the ai-rplane is considered to be rigid and
to be free to plunge (vertically) but not pitch. The shape of the gust power
spectral density function used in obtaining A must be the same as will be used
when applying the resulting 0w distributions to design. No need not be known
exactly; an estimate is made base. on any source that may be available.

The simple theory for obtaining ; has been found to give good results when
applied to the piston engine ganeration of transport aircraft. Analysis shows
that the p*tch freedom has little effect on the response; and the analysis
provides a factor (close tc u,.ty) that can be applied to account for the effect
of flexibility and elastic mode dynamic response. For other airplanes, how-
ever, flying at different altitudes, it is likely that the simple theory is
inadequate. The presen-e of gist-measuring instrumentation on a U-1 airplane
in the IIICAT program offered ai excellent opportunity to determine frequency-
response functions in flight, ,oaearc the resulting A values with those given
by the simrle theory, and establish realistic values of NO.

5.
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Section V

Determination of Frequency Response Functions and A Values - Two methods are
aw 3ible for determination of frequency-response functions from flight data.
Both methods are described, and their relative merits discussed, in
Reference 12.

The first isi called the spectrum method. It follows directly from the
familiar relationship between the power spectrum of a random disturbance

-* (the input) and the power spectrum of the response (the output) of a linear
system to this disturbance:

o l(f)l 2 &(f)

T', -ais discussioe the input or disturbance is the gust velocity and the
output or respons•, is tbe aircraft cg acceleration. Thus, with power smectra
cf absoluti gust velocity and airplane cg acceleration available from the
flight re(:•rd3, the amplitude squared of the frequency-response fumction is
given simply by

!=m IH~f~2 ®zMf

The second method is called the cross spectrum method. It follows from the
less familiar relationship: for linear systems, between the power spectrum
O•(f)) of a random input listurbance and the cross spectrum (Oxz(f)) between

th, input and the system response. From th' s relationship, the frequency-
response function is given by the expression

O= (f

H(f

Both 4xz(f) and H(f) are, in general, complex quantities. Thus, the
frequency-response function obtained by this method defines phase angle as
well as amplitude. Inasmuch as 0xM)is complex it can be writtenx"1

*ex(f) c(f) - i q(f)
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ahere c, the real part, is called the co-spectrum and q, the imaginary part,
is called the quadrature spectrum. The amplitude squared of the frequency-
response function, which is the quantity used ir calculating A and No, is
then given by

I H(f)12 [c(f)]2 + [q(f)]2

f 2

The frequency-response values given by both method:; are, of course, averages
over the same bandwidths as the power spectral C.-.nity curves from which
they are derived.

An adv ntage of t+ie cross spectrum method that is scmetimes important is that
it provides information on phase angle as well as amlitude. Where experi-
mentally determined frequency-response functions are to be used only for
determination of A and N values, however, this advantage is not pertinent.0

A more important advantage of the cross spectrum method is that the frequency-
response estimates are less subject to systematic errors or distortions arising
from a variety of noise errors. Thus, use of the cross spectrum method would
tend, in the present application, to eliminate the effect of extraneous pilot
inputs to the elevator; although any elevator motions that followed linearly
from the turbulence itself, either directly or through the pilot as a part of
the dynamic system, would be accounted for.

Frequency-response functions were obtained by both the spectrum and cross
spectrum methods from the recorch3 of five representative HICAT runs. These
runs were selected to include at least several runs for which the turbulence
intensity vas substantial, several runs with fairly good stationarity, and
runs having various amounts of elevate" input relative to the turbulence
intensity. The following tabulation identifies the runs and pertinent
characteristics.

Power spectra of airplane cg acceleration were then computed from these
frequency-response functions, on the assumption of two diliferent shapes of
gust power spectrum; that given by the Von Karman formula with L = 2500 feet
(now generally in favor) and that given by the Dryden formula with L = 1000
feet (much used in the past, for example in Reference 13). The formulas fcr
these two shapes are given und', Mathematically Defined Gust Velocity Power
Spectral Density •irves in Appendiz I. The frequency-response functions
and cg acceleration spectra obtained for these five runs are shown in
Appendix I.
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Run FM- 2- Elevator
Test and Duraton of Stationarity Mc&Aon

Run No. Dset) (fs Evaluation Relative to
(see) UfPS) Gust Intensity

220-10* 225 1.4- Fair Medium

264-18 240 2.26 Fair Small

266-10 455 2.98 Poor Nedium

266-12 450 1.26 Good Large

266-18 185 3.13 Good Small

*Low altitude
**R4S value between shortest wavelength and a wavelength cutoff of

2000 ft (see Gust Velocity Spectral Plots, Section V).

A closer examination of the results for one representative run, however,
will be illuminating. For this purpose, the various plots for Run 12 of
Test 266 are grouped together in Figure 30. The amplitude squared of the

frequency-response function is shown first, in Figure 30(a). The spectrum
method is seen to give considerably higher values than the cross spectrum
method, especially at the lower frequencies. The ratio of the amplitudes
given by the two methods is as low as 1.15 in the frequ!,-cy range between
1 and 2 cps, but increases to nearly 2.0 at 0.6 cps and is on the order of
50 at 0.1 cps or less. Both methods show peaks at about 0.6 cps and about
2.2 cps. The first clearly reflects the longitudinal short-period mode
response. The second is believed to reflect the response in the wing first
bending mode.

The effect on the frequency-response functions of removing the effect of
elevator motion on the cg acceleration, by the method described earlier in
this section, is shown in Figure 30(b). Above about 1 cps, the effect of
removing the elevator motion is negligible. At the 0.6 cps peak, the value
given by the cross spectrum method is reduced slightly, while the value
given by the spectrum method is reduced substantially; the agreement between
the two methods is thus improved. In the very low frequency range, 0 to
0.2 cps, removing the effect of elevktor motion improves the agreement
tremendously. Thus it is concluded that much of the disagreement between the
two methods is due to elevator inputs not linearly related, or perhaps not
directly related in any fashion, to the gust velocity.
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INCLUDING ELEVATOR MOTION EIEVATOR MOTION REMOVED
.W5 Ir- I I I I
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Figure 30 Frequency Response Functions, Coherencies, and Power Spectra
of Test 266 Run 12, Before and After Effect of Elevator
Motion is Removed
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The disagreement between the frequency-response functions given by the two
methods bears an interesting relation to the coherency functions, shown in
Figures 30(c) and (d). Comparing first Figures 30(a) and (c), it is seen
that in the frequency range from 1 to 2 CpS, where the agreement in
frequency-response functions is good, the coherency is excellent, lying in
the range .85 to .90. At •he 0.6 cps peak, where the frequency-response
functions begin to disagree more markedly, the coherency has dropped to as
low as 0.50. In *che frequency-range of 0 to 0.2 cps, where the agreement
is extremely poor, the coherency is less than 0.15. Comparing Figures 30 (b)
and (d), the same relation is seen in the 1 to 2 cps range. But at the
0.6 cps peak, where the disagreement in frequency-response functions is less,
the coherency has increased from 0.50 to 0,65. At frequencies below 0.2 cps,
the coherency has increased markedly - at 0.15 cps, for example, from 0.13
to 0.40.

The influence of the frequency-response function on the computed A values
depends upon the area under the cg acceleration psd curve. Psd curves
obtained from the frequency-response curves of Figures 30(a) and (b) are
shown in Figures 30(e) and (f). Figure 30(e) emphasizes the great importance
of the frequency-response function at the very low frequencies. In Fig-
ure 30(a), the discrepancy between the two methods in the 0 to 0.2 cps range
is quite inconspicuous. But when the frequency response is multiplied by the
gust spectrum, to give the power spectra shown in Figure 30(e), the importance
of this region becomes evident. Even with the effect of the elevator nominally
removed, the spectrum method results in a much greater area under the curve
in the 0 to 0.2 cps range than given by the cross spectrum method.

Results and Discussion - A values obtained for the five HICAT runs analyzed
are shown in the following tabulation:

A [g/(ft/sec)]

Von Karman Gust Dryden Gust
Number Spectrum, L = 2500 ft Spectrum, L = 1000 ft

Cross Cross
Spectrum Spectrum Theory Spectrum Spectrum Theory

220-10 0.0246 0.0278 0.0187 0.0278 0,0324 0.0238
264-18 0.0157 0.0302 o.0114 0.0185 0.0347 0.0140
266-10 0.0148 0.0268 O.m14o 0183 0.0286 0.0175
266-12 O.0184 0.0287 0.0134 0.0221 0.0321 m.0166
266-12* O. 0186 0.0244 O.0134 0.0225 O.0275 O.o166
266-18 m.0163 0.0232 0.0139 0.0198 0.0280 0.0171

"ýLow Altitude
**Elevator Motion Removed
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Values are shown based on both cross spectrum and spectrum methods of
determining the experimental frequency-response functions and also as given
by simple theory. The theoretical values are based on theory developed
originally by Fung (Reference 14), in which the airplane is considered rigid
and free to plunge but not pitch; the values shown in the table were obtained
from Figure 5-2 of Reference 15 for the Von Karman spectral shape and from
sihidlar curves, unpublished, for the Dryden spect.ral shape.

To better show the comparison between experimental and theoretical values,
ratios of experimental to theoretical A are shown in the following table:

AEp -/ATHEORY

Test and Run Von Karman Gust 1 Dryden Gust
Number Spectrum, L = 2500 ft l Spectrum, L = 1000 ft

Cross Cross
Spectrum Spectrum Spectrum Spectrum

220-10* 1.31 1.48 1.17 1.36
264-18 1.38 2.65 1.32 2.48
266-10 1.06 1.91 1.04 1.64
266-12 1.37 2.14 1.33 1.93
266-12** 1.39 1.82 1.36 1.66
266-18 1.17 1.67 1.16 1.63

Average 1.26 1.97 1.20 1.81
(excluding 266-12"*)

*Low Altitude
**Elevator Motion Remo -d

No values obtained for the five HICAT runs are shown in the following table:

No 0 Characteristic Frequency -CPS

Test and Run Von Karman Gust Dryden Gust
Number Spectrum, L = 2500 ft Spectrum, L = 1000 ft

Cross S rrobss
Spectrum Spectrum Spectrum Spectrum

220-10* 0.77 0.79 0.67 0.66

264-18 0.81 0.50 0.75 0.46
266-1o 1.o8 o.66 0.97 0.65
266-12 0.73 0.55 0.76 o.67
266-12" 0.72 0.62 0.73 0.68
266-18 0.90 0.72 0.87 o.66

Average 0.86 0.64 0.80 0.62
(excluding 266-12"*)

*Low Altitude
**Elevator Motion Removed
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Avalues obtained experimei.tally using the cross spectrum method are seen to
average about 20 to 25 percent higher than those given by the Fung theory.
values given by the spectrum method are seen to be nearly twice the theoret-
ical values. No values are seen to average about 0.80 to 0.85 by the cross
spectrum method and 0.60 by the spectrum method.

Whether the spectrum method or the cross spectrum method is more appropriate
is not immediately evident. As noted on page 55, (4th paragraph) and
as discussed at length in Reference 12, the cross spectrum method gives
frequency-response (transfer function) estimates that are less subject to a
variety of noise errors than does the spectrum method. The cross spectrum
method, therefore, would appear to give a truer relation between gust velocity
time history and the acceleration time history resulting directly therefrom.
Also, the transfer function that it defines is the one txUat probably will be
matched more closely by the best available theory (at the present state of the
art). Nevertheless, it is important that the entire design procedure, including
the collection and processing of VGH data, lead to airplane loads that reflect
the total accelerations that occur in turbulence, including the "noise" that is
not linearly related to the turbulence. It is pertinent, therefore, to examine
which method of transfer function determination is most likely to accomplish
this result.

Suppose that the cross spectrum method is used. The resulting transfer func-
tion will be used to infer gust velocities from VGH acceleration data. These
gust velocities will be overestimated, because a "correct" transfer function
is applied to the entire acceleration - that part which is noise as well as
the part actually due to the gust velocity. In design, a "correct" transfer
is again used (the only kind available). The resulting acceleration, being
derived from overestimated gust velocities, will also be overestimated, and
this overestimation will provide for the noise likely to be present in flight
of the new airplane through turbulence.

On the other hand, suppose that the spectrum riethod is used. Gust velocities
will be correctly inferred. In design, the '`correct" transfer function, used
with the "correct" gust velocities, will lead to a "correct" evaluation of
the accelerations due directly to the turbulence. But the increment in
acceleration due to noise - which will actually occur - will not be accounted
for. Thus it would appear that A's and No's based on transfer functions given
by the cross spectrum method are the appropriate ones to use for design appli-
cation although those given by the spectrum method may give a truer picture
of the actual turbulence.

If the ratios of experimental to theoretical A found here are considered valid,
aw distributions obtained from U-2 VGH data, utilizing the simple theory
described earlier, would appear to be too severe for design use by a factor of
roughly 1.2 to 1.25.

Peak Counts of Absolute Gust Velocity

High-Pass Filtering of Absolute Gust Velocity Time Histories - Peak counts of
airplane acceleration (and, in turn, Ude) have been obtained from VGH records
for many years and utilized in the design of aircraft as well as in the study
of atmospheric turbulence. The simple physical significance of the peak
count presentation makes it appear desirable for application also to absolute
gust velocity measurements.
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Peak counts of absolute gust velocity, however, must be performed and
interpreted with some care because of the uncertainties which accrue at very
low frequencies (long wavelengths) due to instrument errors and lack of
measurement resolution. These effects may manifest themselves as noise and
yet still appear almost indistinguishable from true turbulence. In the dis-

cussion that follows, it is shown that high-pass filtering is necessary to
minimize this uncertainty, but that some of the turbulence is unavoidably
removed along with the noise.

Theoretical Effect of Low Frequency Components on Peak Counts - An indication
of how much the presence of noise may influence the peak counts can be
obtained by consideration of the power spectral density (psd) of the measured
turbulence. The many gust velocity psd's showm in Appendix V generally con-
tinue to rise more or less according to the -5/3 power of frequency down to
the lowest frequencies shown. Whether the lowest frequency components of the
turbulence as measured are primarily turbulence or primarily noise will affect
the conclusions drawn as to the magnitudes of the gust peaks actually present
in the atmosphere. The difference in magnitudes can be evaluated by means of
Rice's equation9 .

N(w) = N e-lltwl wJ

where:

w = any given component of the gust velocity.

= rms value of w, equal to the square root of the area under
the psd curve.

N(w) = average number of crossings per unit time or distance,
with positive slope, of the value w (in effect, the number
of peaks in excess of w).

N = characteristic frequency, equal to the radius of gyration of
0 the power-spectral density function of w about zero frequency.

It is seen that N(w) depends upon No and rw, both of which can be evaluated
frcm the power spectral density.

To show the effect of the low frequcncy components on the magnitudes of the
peais, frequency of exceedance curves were calculated based on the two sim-
plified psd curves shown in Figure 31. The two curves designated A and B are
truncated "'ertically at the low frequency s•nd at points a and b, respectively,
and at the 'iigh frequency end at c. The three values of 1/k can be regarded

9This equation applies theoretically only to a stationary Gaussian random
process. It is known that high altitude clear air turbulence does not fully
satisfy this requiremefit; but the trends deduced from the equation shoull be
valid.
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as arbitrary. Actually, however, point c was taken as th6 upper limit of
integration for the HICAT psd's (5 cps) for a typical flight speed of 700 fps.
Point b was taken as the effective cutoff frequency of the 7000 ft filter
defined in Appendix I; this frequency is such that, in Figure 92, the area
under the truncated psd curve is the same as under the filtered psd curve.
Point a is at one-fourth the frequency of point b. The vertical position of
the psd curve in Figure 31 is such that RMS 2 (as defined under Gust Velocity
Spectra Plots) is 1 fps.
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Values of a- and No for the two ps-d's were evaluated ana~lytically. The fol-

lowing results were obtained:

Curve A Curve B Ratio, A/B

3-, fps 2,.96 1.82 1.63

N$CPS 0.000773 0.00125 0.62

The resulting exceedanz-e curves, as given by Rice's equation, are shown by
the twL) solid lines iti Figur? 32. The highest peak expected in a 4I-minute
run at 700 fps is indicated at a frequency of exceedance of 5280/(700)(4)(6o)
.0317 per milie. For each cui~rve, the intercept at w = 0 is equal to 2N0 .
(The -factor of 2 appears because crossings of both positive and negative levels
are comibined.) The absci1ssa&, at any given value of N(w)/N0 , are proportional
to a-W. It in seen that, as the longer wavelength components are added, as in
going from curve B to curve A, the exceedance curve shifts slightly down but
e7xpands suhstanttally t11o the right. For the particular case shown, a reduction
by a factor of 4I in the low frequency cutoff results in a factor of 1.55
la:creace in the expected magnitude of the largest peak. Similar results are
ob tained. iihen -,*%e psd' s )..e truncated horizontally at, points a and b instead

* ~of verticall4r.

iiigh-?&ass Filtering as a-Means of Removing Noise - From the above results, it
- i s cleat, tli~neR he presence of the low frequency components will have a major

effe,_- on the resultink, peak counts no matter whether the component-. are con-
sidered to be turbulence, cr instead are considered to be noise and in some
way ,~emoved from the time histories. If noise is indeed present at the lower
fraquencien, a high pass digital filter can be applied to the measured time
histories te eliminate tuhe frequency components involved. In the use of such
a filter, however, a decision must be made as to the frequencies to be
elimiuated.

In terms of powe~r spectral densities, it would be most fortunate if a frequency
could be found such that everything above this frequency were clearly twrbu~-
IC nce and every-thing below, noise. This would be easy if the pod were found

tohave a shapa such as:

NOIS

A filter would simplyv be chosen that eliminated the frequency ccompoents InI I the noise range and re~tained those In tha turbulence range.

U J3
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6 Unfortumately, such shaped do not seem to occur. Instead, as noted earlier
*the measured psd's almost invariably show a trend in which the psd continues
to increase with decreasing frequency. Thus there is undoubtedly an overlap
of turbulence and noise:

NOISE

PSD

_TURBULNNCE

FREQUENCY

The filter, of course, has no way of distinguishing between turbulence and
noise; it acts upon the total of noise and turbulence, attenuating onlyj a3 a
function of frequency. Consequently, if the noise is to be removed, a u-
stantial part of the turbulence may have to be removed also. In sddition,
there is some uncertaLnty regarding the frequency below which the noise
becomes significant. To be sure that very little noise is retained, the
filter cutoff frequency must be chosen rplati,,vly high, i.e., toward the
shorter wavelengths.

The quantitative effect on the peak count curves of removing substantiae con-
tributions to the time history" in the low frequency range was discussed above;
represautative results were shown in Figure 32. This earlier discussion
regarded the components being removed as noise; the results are equally
indicative, however, of the effect of removing the low frequency components
of the actual turbulence.

How much of the turbulence is left in after filtering is 'lsarly rather
arbitrary, depending upon the filter characteristics selected. For the
filtered time history and the peak counte derived therefrom to have the most
im.aning, it would be desirable for the rflLer cnaracteristics tc be

(!) simply defined

(2) the same from program to program.

The simplest filter for analysis purposes would Ie a sharp oce. This filter
i would pass without reduction all. components above r. given frequency and remove

completely all those below this frequency. Such a filter is iwpractical to
rfalize, however, and some compromise is necessary. Some degree of standardi-
za Lon of filter characteristics from program to program, or the other hand,
sbould be practical. Coamarison of peak counts would then ne meaningful and
usefutl, even th- igh it might not be practical to make direct application on
an absolute baais.
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In summary, for absolute gust velocity peakt count to be meaningful, it is
clearly necessary to high-pass filter the time histories to remove any noise
that may be present; such filtering, however, will certainly rimove some
unknown amount of the turbulence along with the noise.

Selection of Filter Characteristics - The definition of two digital filters
for use in high-pass filtering the HICAT absolute gust velocity data is dis-
cussed in Appendix I. The two filters selected are of the MaarLir-Grahan. type.

The first is virtually identical, on a spatial frequency basis, to that used
in the LO-LOCAT program. It passes all wavelengths up to 7000 feet and vir-
tually eliminates all wavelengths longer than 17,000 feet. T'-e second retains
considerably longer wavelength components. It passes all wavelengths up to
20,000 feet, and virtually eliminates all wavelengths longer than 40,000 feet.
These two filters are designated herein as the 7000-foot filter ard the
20,000-foot filter, respectively.

HICAT Peak Count Data - Peak counts of the vertical component of absolute gust
velocity are shown for selected HICAT runs in Figure 33. Three peak count
exceedance curves are presented for each run. They are derived respective:v
from the gust velocity time series ..btained without high pass filtering as
well as with 20,000 ft and 7C00 ft high-pass filtering. The peak counts
shown were obtained by the positive slope crossing method.

In all of the figures, the three curves tend to plot in the same relation to
each other as predicted by theory (Figure 32). In particu/ox, the effect of
filtering is to increase the intercept at UV = 0 and more importantly to
reduce the UV values at low exceedance levels. However, the separation of thae
curves is much less than the theory predicts. For a factor of 4 difference in
cutoff frequency, the theory was seen to predict a factor of 1.55 in gust
velocity at a frequency of exceedance level of one in 4 minutes. For the
7000- and 20,000-foot filters actually used, the effective cutoff frequencies
correspond to wavelengths of 10,200 and 26,300 ft respectively. (These :frz-
qusncies are such that, in Figure 96, the areas are the same under the
truncated and the filtered psd curves.) For these filters. differing in cut-
off frequency by a factor of 2.6, the theory predicts a 1.35 factc'r in gust
velocity (Figure 32). In contrast, the curves obtained by applying th!e 7000-
and 20,000-ft filters to the measured data differ by factors ranging from
roughly 1.02 to 1.26 at comparable exceedance levels (0.03 to 0.10 peaks per
mile). At roughly this same frequency of exceedance level, the gust velocity
of the unfiltered time history ranges from about 1.00 to 1.22 times thet
associated with the 20,000-ft filter.

The quantitative discrepancy between theory and test is apparently explained,
at least in part, by a smaller contribution of long wavelength gusts to the
origLai unfiltered time history than assumed in the theoretical calcrlations.
The power-spectral densities that have been calculated for thesa runs are not
conclusive in this respe-ft, as they genered.1y art not defined through the
very-low-frequency range of interest. The slopes of the pad curves, however,
at the lowest frequencies at which the curves are defined, are much shallower
thar the -1.67 slope assumed in the theory. in four of the five cases, Lhese
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slopes lie in the range -0.7 to -1.3. In the fifth case (Ran 266-12), the

slope has a relatively constant value of -1.6 up to 12,000 ft, the longest
wavelength resolved and for this case the difference between the peak count
curves for the 7000- and 20,000-ft filters was one of the largest, i.e., in
closest agreement with theory.

In general it appears that the effect on the peak count cxrves of high pass
filtering, or of the filter cutoff chosen, is considerably less than would
have been inferred from the theoretical treatment of an idealized case in the
previous sectior. This result provides evidence that the very low frequency
"noise" in the HICAT data is relatively insignificant.

In comparing the measured peak counts with the theoretical curves of
Figure 32, much of the measured data are seen to plot approximately as straight
lines, in contrast to the parabolic shapes obtained theoretically. This dif-
ference is probably due primarily to lack of stationarity, as discussed later
in this section.

It will be noted that one of the runs shown, Run 220-10, is a low altitude rin
at a much lower true airspeed. Use of the available digital filters at this
reduced speed resulted in filter termination frequencies corresponding to wave-
lengths of 7700 and 2700 ft instead of 20,000 and 7000 ft, respectively. The
results for this case are quite comparable to those for the high altitude cases.

Peak count data for a number of runs are totaled and plotted in Figure 34 (a)
and (b). These were obtained by the level crossing procedure. Ude peak counts
for the same runs are also shown for comparison. In Figure 34(a) eight runs
are included; the 7000-ft filter was used. In Figure 34(b) curves are shown
for a smaller number of runs but based on both the 7000-ft and 20,000-ft fil-
ters. Ude values are seen to be roughly 2/3 of the UV values at the same fre-.
quency of exceedance, in both figures. However on a derived basis, Ud, is
seen to be about 40 to 80 percent larger than the corresponding UV values
indicating that the true gust velocities are overestimated by the derived gust
equation for the U-2.

A comparison of peak counts for the three components of 20,000-foot filtered
absolute gust velocity for a typical run are shown in Figure 35. The relative
intensities in the three directions indicated by the peak count curves are
roughly the same for the lower values of absolute gust velocity.

GUST VELOCITY POWER SPECTRAL ANALYSIS

General

The power spectrum or powbr spectral density of a function (e.g., a gust
velocity time history) describes the manner in which the total average power
of the function (velocity amplitude squared/cycles per second) is distributed
over the frequency range. In essence it provides a statistical measure of
the mean square amplitude of a measurement for each of a number of narrow
but discrete frequency bands. The square root of the sum of all these values
over the frequency range of the spectrm gives the rms value of the spectrum
data.
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I0 • •TEST 66, RUN 12

-0-

1.0

0 5 I0 is 20 25 30 35

SAWSOLUITE GUST VELOCITY, FT/SEC

I-I

Figure 35 Frequency of Exceedance of 20,000 Ft Filtered Absolute Gust

Velocities for All Three Components Using Level Crossingi
Caunt - Test 266, Run 12

Normally, power spectra from uniform time series data are computed and plotted
a s a function of frequency in cycles per second or radians per second. How-
ever, fur atmospheric turbulence, it is desirable to interpret the frequency
in terms of wavelength in feet per cycle. or inverse wavelength in cycles per
foot. Thus, to obtain the ordinates of the spectra in cycles per foot, the
ordinate and abscissa values a~re respectively miltiplied and divided by the
aircraft speed in feet per second.lO

The methods used for computing power spectra and associated statistical func-

tions are described in detail in Appendix II.

zL

HICAT Power Spectral Considerations

(kie of the most important: objectives of the HICAT program is to determine gust
velocity spectra for turbulence waves ranging from about 100 feet to as much
as 50,000 feet in length. Spectral determinations of uniform statistical
reliability require that turbulence sample lengths increase in proportion to
the largest wavelength of interest in the spectrum. Since turbulent patches
and hence turbulent recordings vary considerably in length some patches will
be too short for a reliable long wave spectrum analysis but quite adequate for
a medium or short wave analysis.

iOThe average true airspeed of the aircraft for each turbulence run was the
value used for the K oCAT spectra.
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Section V

In the HICAT program, spectra are always computed so as to provide a selected
minimum level of statistical reliability equivalent to 20 sample lengths of
the longest wave or 80 statistical degrees of freedom. Thie. is done by vary-
ing the wavelength resolution of the spectrum in several discrete steps to
suit the turbulence sample length (see Reference 5, Section V). In effect,
this means that some spectra will extend to much lower frequencies and longer
wavelengths than others. The rms values (called RMS Spectra on the plots.
e.g., see Figure 36) characterizing individual spectra are thus not comparable
unless the spectra cover the same wavelength range.

To enable spectra with different low frequency limits to be compared, addi-
tional rms values were computed using the following standard long wavelength
cutoffs: 1000, 2000, 4000, 10,000, 20,000, and 40,000 feet. The high
frequency or short wavelength limit was established for convenience at the
wavelength corresponding to 5.0 cps and thus varied slightly with aircraft
speed, e.g., at 700 feet per second, 5 cps corresponds to a wavelength of

700/5 or 140 feet.

Gust Velocity Spectra Plots

The plots of the power spectra of the vertical, lateral, and longitudinal gust
velocity components are presented in Appendix V. Figure 36 of this section
shows typical examples of vertical, lateral, and longitudinal spectra. 1 1

Note that the rms gust velocity characterizing the entire spectrum as well as
the rms values for various intermediate wavelength cutoffs are tabulated on
the plots. The intermediate wavelength cutoffs are abbreviated by dropping
the thousands, (i.e., 1 = 1000 ft, 2 = 2000 ft, etc.).

Figure 37 compares the envelope of all the HICAT spectra with similar data
obtained from the Douglas NB-66B High Altitude Gust survey (Reference 16 ) and
the Australian TOPCAT program (Reference 17 ). The HICAT spectra overlay the
TOPCAT spectra which were also clear air but fall slightly below the upper
limit of the B-66 thunderstorm data, as might be expected. To provide a low-
altitude yardstick for comparison, a spectral envelope of moderate intensity
turbulence for HICAT landing approaches is shown. Note the characteristic
-5/3 slope.

Mathematically Defined Gust Power Spectral Density Curves

For use in aircraft design, as well as for comparison of measured data with
various proposed theories, it is often desirable to represent atmospheric
turbulence power spectral density curves by means of mathematical expressions.

To assist in finding simple, mathematically defined curves that best fit the
measured chapes, several families of curves are developed and presented in
Appendix I. Four basic families are included. For each basic family, curves
are provided for high-frequency exponents, m, of -1, -7/6, -4/3, -3/2, -5/3,
-11/6, and -2, respectively. For each value of m, curves are shown for scales
of tu."bulence, L, of 500, 1000, 2000, 4000, and 8000 ft, and w.

11The gust velocity time history from which these HICAT spectra • obtained
appears in Figures 12 and 13.
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Figure 36 Typical Power Spectra of Vertical, Lateral, and Longitudinal
Gust Velocity Components
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, ' • STORM TURBULENCE
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F• •j 6 TOPCAT PENETRATIONS
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3 HICAT LANDING[APPROACHES CLEAR
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0I
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Figure 37 Comparison of Gust Velocity Power Spectral Envelopes

Figure 38 compares the four families for an m of -5/3 and an L of 1000 ft and
w . It should be noted that all curves shown are arbitrarily positioned ver-
tically to be asymptotic to the same m = -1.667 straight line. To indicate
the correct relative levels of the Taylor-Bullen Longitudinal and Taylor-
Bullen Transverse spectra, for completely isotropic turbulence, the longitu-
dinal spectrum shown should be lowered in the ratio 0.75.

Average Spectral Shape

It can be observed that the shapes of the gust velocity power spectra shown
in Appendix V display considerable variability. As a result, some sort of
averaging of the many curves is desirable to obtain a shape useful for air-
craft design. Various ways of' obtaining such an average are possible. One
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possibility would be to normalize all the curves by dividing by a-2 and take a
simple average. This approach was, in fact, used for a number of the HICAT
runs. A somewhat different approach, however, which appears to offer several
distinct advantages, is used herein for the major part of the analysis.

Cumulative Probability Approach - This latter approach can best be understood
by following the detailed description of its application to the HICAT data as
given below. A brief summary at tnis point, however, is pertinent. From the
many power spectral density (psd) curves that are to be averaged, a cumulative
probability curve is prepared of the psd values read at a given frequency
(inverse wavelength). This process is repeated for various frequencies cover-
ing the range of interest. A probability level is then selected, and the psd
value corresponding to this probability is read from each carve. Each of the
psd values read corresponds to a different frequency, and a plot versus fre-
quency gives the desired average psd curve.

The advantages of this approach are the following:

a Under the normalizing and averaging approach, turbulence of all
intensities contributes equally to the averages. But very mild
turbulence is of negligible importance to airplane design and is
much more subject to inaccuracy of measurement. It is therefore
desirable to look separately at turbulence at various intensity
levels. This is accomplished under the cumulative probability
approach simply by reading power spectral densities from the
probability curves at more than one probability level.

* In normalizing the power spectral densities in preparation for
averaging, the vertical, lateral, and longitudinal gust power
spectral densities would ordinarily each be normalized by dividing
by their individual w2 value. A direct comparison of intensities
intthc three directions is thus lost.

0 Because of uncertainty in measuring the very long wavelength com-
ponents of the turbulence, the true overall rms gust velocity is
quite uncertain. The appropriate rms to be used for normalizing,
therefore, is an arbitrary one obtained by integration of the psd
between appropriate limits. The value obtained will differ
materially, depending upon the limits selected. For example, the
ww value obtained by integration with a lowfer limit at X = 40,000 ft
may be 2 to 3 times that obtained using a lower limit o-^ 2000 ft.
This vast difference in the rms value that may be used to describe
the same patch of turbulence has led to mich confusion in the past.
To minimize such confusion, great cdre is required in the use of rms
values, and wherever their use can be avoided, it would appear
desirable to do so.

0 The procedure in which average psd curves are obtained from cumula-
tive probabilities is believed to be particularly &.jpropriate for
arriving at a spectral shape for design use. For example,
consider two airplanes. Airplane A feels predominantly gust
frequencies over a narrow band in the vicinity of X = 400 ft, and
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airplane B over a narrow band in the vicinity of X 20,000 ft.
The design loads obtained for these two airplanes will depend
upon the design gust power spectral densities at their respective
freqvencies. If design power spectral density curves utilize
average shapes obtained as described above, the design power spectral
density values will be exceeded with the Fame probability for both
airplanes, ragardlesF of what turbulence intensity may be selected as
a design level. Clearly, th.- two airplanies wril3. be of consistent
stre•guh as desired; tht possible v-iriation of spectral shape
from one patch of turbulence to another is quite unimportant.
While real airplanes generally respond over broader frequency bands
than assumed in this illustration, the general line of reasoning
still applies and the sane conclusions hold.

The HICAT gust velocity spectra chosen for analyvsis are listed in Table II.
Only spectra were selected of intensity such that IKS 2 values were 1 fps or
greater. Spectra indicative of inst-wiuent malfunctions or those from time
histories containing obvious instrumentation malfunctions or other irregulari-
ties were excluded. All spectra from both the Redirected and the Extended
programs meeting the~e requirements were utilized.

First, all of the power spectra were faired to eliminate obvious irregularities
such as the closely spaced oscillations at the high frequency end. For the
most part, at the low frequency end the curves were left unfaired from the.
lowest frequency to a frequency four or five times this value, with the fairing
becoming progressively heavier as the frequency increased beyond this point.
A typical example of how the curves were faired is shch.i in Figure 39.

The faired curves were then read at frequencies corresponding to wavelengths
of 200, 4o00, 000, 2000, 4ooo, 10,000, 20,000, and 40,000 feet. It can be
observed that all of the measured spectra provide dalta at wivelengths of 200,
4+00, 1000, and 2000 feet, while progressively fewer curves extend to wave-,
lengths of 4000, 10,000, 20,000, and 4o,ooo feet.

At each of these frequencies, cumulative probability curves of power spectrdl
density (psd) were prepared. In obtaining each probability distribution, the
psd values read were grouped into an adequate number of equal bands to facili-
tate plotting. Inasmuch as the longer runs actually represented larger
samples of data, the various runs were weighted by length in accordance with
the following table:

Actual duration of Assumed duration of Resulting number of
run in minutes run in minutes times counted

1.33- 3 2 1
3 -5 4 2
5 -7 6 3
7 -9 8 4
9 -U 10 5

11 - 13 12 6
13 - 16 14 7

•IL
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.TABLE IT RUNS USED FOR ANAI71SIS

Test Run Test Run Test Run Test Run Test Run Test Run

54-3 164-4 257-13 265-17 267-15 280-1-
88-9 180-2 262-8 265-31 267-16 280-12
o9 9(fE) 18o-4 262-10 265-38 267-22 280-13

90-12(F) 190-3 262-1]. 266-10 267-25 280-16
102-2 197-7 264-6 266-12 267-26 281-2(L)
102-3 198-3 264-13 266-14 267-28 282-2
102.5(L) 198-9 264-14 266-16 269-4(L) 282-3
102-6 198-12 264-16 266-18(L) 273-2 282-4
102-8 198 -13(L) 264-18 266-22 279-2(L) 283-2(L)
102-9(L) 202-8 (F) 265-2 267-8 279-3
"102-12(L) 233-3 265-12 267-9 280-3(F)
102-16 247-4(L) 265-14 267-11 280-6
107-8 J 257-11 265-15 267-14(L) I 280-i0 , __ .

Note: (F) = Icngitudinal component excluded
= Lateral component excluded

7 E~n z& Et 541515

STA.R It•I•I

WIND: 1630/43 KN

1 0• I•VERTICAL

IiRMS Spectra 1. 4 237
RKS 2 1.2317

IQ

Figure 39 Example of Fairing of Gust Velocity Power Spectral Density Curves
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The resulting curves are shown in F gures 40, 41, and 42. Curves for
frequencies corresponding to X = 20,000 ft and k= 40,000 feet are not shown
because there w.re too few runs in CAT of sufficient duration (13 minutes or
more) to resolve these long wavelengths.

The curves in Figure 40 include only wavelengths (X) from 200 th~rough 2000 feet
and utilize data from all the runs listed in Table II. The curves in Figure 41
extend to a wavelength of 4000 ft; in preparing these curves only those runs
were included for which psd values were available at X = 4000 feet. Similarly,
the data in Figure 42 extend to a wavelength of 10,000 ft, and only those runs
were included for which psd values were available at X = 10,000 feet.

In Figure 40, )ach of the cumulative probability curves was faired by means of
a straight line, as shown. Psd values were read as indicated by the plus
sy~ibols, at probv bilities of .01, .1, and .5. The values at a probability of
.01 werp read from the straight line; at probabilities of .1 and .5, however,
where e •ch point represented a large sample, the value was read either from
the actual straight line segment ttxough the plotted points, or at a more
representative average location if the actual curve was somewhat irregular.

At each of the three probability levels, the psd values thus read were then
plotted versus in'-erse wavelengths to give Figure 43. An average psd cirve
was thus obtained at each of tidurc pi-obalIlity levels. The curves correspond-
ing to the lower probability levels are mast pertinent for direct practical
application, ac they reflect the mor3 se-ere turbulence. The curvws corre-
sponding to the '.igher probability levels, however, are based on much more
data and are statistically more reliable.

The cumulative gust probability curves of Figures 41 and 42 were treated in
the came way as the correiponding curves of Figure 40, except that in
Figure 42 only two of the three probability levels uould be read. Also, the
cumulative probabilities shown in Figure 42 ,re considerably more irregular
than those appearing in the preceding figures, so that somewhat more judgment
was necessary in reading values at the tyro probability leveLs. The same basic
rules followed for the X = 2000 fP and X= 40u0 'ft groups of curves were
applied here with slightly .. ore leeway. The resulting power spectrai deznsities
are shown in Figures 44 and 45.

Average Normalized Spentrum Ap!•oach - The number of HICAT runs for whi(t
psd's might be oltaircd with reasoneble confidence at wavelengths cf 20,000
or 40,000 ft is quite limited, totaling only about 6 for tne co-wined 19'5-67
and 1967-68 programs. As a result, the cumulative protability method for
obtaining an average spectral slpe was found not to be usable for these runs.
In order to obtain average spectral shapes that would exterd to the 20,O$) to
bO,000 ft wavelength range, a more direct approach was used. This involvtd
normalizing the individual faired speitra by dividing th• density estimates Ly
the square of a suitably defined rms va.• and takiig a simple average - ,ach
frequency. For comparison, the same procedure is alz.. applied to the spectre
defined to X = 10,000 ft for runs oom•,rising the taen special HICAT teste
described in Appendix I. The ncrmalizea spectra use for thi3 pui-pose are
presented in Figures 101 and 102, Appendix I.
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Normalization of the spectral components was based on the RMS 2 value of the
component gust velocity. Use of an individual normalizing factor for each of
the three components permits a direct comparison of spectral shape in the
three diractions, at any desired frequency. Selection of RMS 2 as a basis for
normalizing is somewhat arbitrary. As noted earlier in pointing out the
advantages of the cumulative probability approach, the true rms is quite
uncertain because of the inherent difficulty in accurately measuring the long
wavelength components of the turbulence. Therefore, a spectral rms, with the
integration confined to a frequency range for which there is no dov bt as to
the validity of the measurements, provides a much more concrete basis for
normalizing than an rms computed directly from the time history. The
quantities RMS 2, RMS 4, and EMS 10 would all be acceptable as a resvlt of
this consideration. However, since RMS 2 is available for all runs for which

* •psd's were determined, it was used.

Averages were obtained for each group of normalized spectra and are shown in
Figures 47 and 48. These spectra are discussed on the next page.

* Results and Discussion - Cumulative Probability Approach - Average spectral
shapes obtained by the cumulative probability approach described above are

* shown in Figures 43, 44, and 45.

For all three gust velocity components in Figure 43 (maximum X = 2000 ft), the
psd curves plot as straight lines. The vertical and lateral gust velocity
components for the .1 and .01 probability levels are parallel. At the .5
probability level, the psd's have a shallower slope than the psd's at the low
probability levels. The slopes of the psd's for the longitudinal gust com-
ponent are equal for the .5 and .1 probability level; the slope is slightly
steeper at the .01 probability level. The slopes for the vertical and longi-
tudinal gust components are somewhat shallower, at all wavelengths and at all
three probability levels, than the -1.67 and -2.00 volues currently used in
design and analysis. The lateral component curves for the .1 and .01 proba-
bility levels have a slope which is comparable to that currently being used
for design and analysis, but the curve for the .5 probability level is more
shallow. The absence of any bending in the psd curves, within the frequency
range shown, makes it impossible to infer a scale of turbulence by visually
comparing the psd's with the mathematically defined psd's shown in Appendix I.

The results obtained for maximum X = 4000 ft, shown in Figure 44, are similar
to the results for maximum X = 2000 ft and the slopes are very nearly identical.
Again the absence of any bend in the curves over the range of frequencies shown
makes it impossible to infer a specific scale of turbulence from the mathe-
matically defined psd's although one may infer that the scale of turbulence
cannot be less than some particular value.

The curves of average sp.bctral shape obtained for wavelengths up 10,000 ft
are shown in Figure 45., Despite the leeway in reading values from the cumula-
tive probability curves (Figure 42), the scatter of the points on the psd
plots is not great. At the longer wavelengths included in these figures, some
slight bending of the curves is evident. Scales of turbulence at which the
mathematically defined curves of Appendix I fit these experimental curves are
roughly as follows:
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Scale of Turbulence, L, ft

Vertical Lateral Longitudinal

Family Prob.=.l Prob.=.5 Prob.=.1 Prob.=.5 Prob.=.i Prob.=.5

Taylor-Bullen 2000 2000 2000 1800 4000 4000

Sharp Knee 2000 2000 1500 1900 2000 2000

Mild Knee 4000 4000 3500 3500 4000 4000

I It should be emphasized, however, that for these spectra the curvature is so
slight, especially when considered relative to the scatter of the plotted
points, that a scale of turbulence is not reliably defined. Consequently

the tabulated scales should be regarded as minimum values.

Comparisons between the psd's for the vertical, lateral, and longitudinal
components of turbulence, all at the 0.1 probability level, are shown in
Figure 46. All three curves show the psd for the vertical component of
turbulence to have a somewhat shallower slope than that for the lateral com-
ponent. The longitudinal component for maximum X = 2000 f% and 10,000 ft has
a shallowOr slope than either the vertical or lateral components; for maximum
X = 4000 ft, the lcngitudinal component is intermediate between the slcpes
for vertical and lateral.

Results and Discussion - Average Normalized Spectrum Approach - The spectral
shapes obtained by averaging the normalized spectra are shown in Figures 47
and 48. Figure 47 covers the full range of wavelengths from 200 to 40,000 ft.
Figure 48 shows the average spectrum for each component of gust velocity for
runs covering the range of wavelengths from 200 to 10,000 ft that were used
for detailed meteorological analysis in Appendix I.

In Figure 47, all three curves are very nearly straight lines over the entire
frequency range, although the vertical spectra might be viewed as starting to
"bend down at the lowest frequencies, and the lateral spectra changes slope at
roughly the midpoint of the frequency range. Inferred scales of turbulence
are:

Scale of Turbulence, L, ft

SVertical Lateral Longitudinal

Taylor-Bullen 3300 4000 6000

Sharp Knee 8000 >8000 4000

Mild Knee 16000 >4000 >8000
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Slopes of the thre curves in Figure 47 are as follows:

SAverage Slope -

Wavelength Range
Component - 1000 ft

Vertical -1.34
Slateral -1.65

Longitudinal -1.50

In Figure 48, all three curves are also very nearly straight lines over the
entire frequency range. Inferred scales of turbulence are:

Scale of Turbulence, L, ft

Fami Vertical Lateral Longitudinal

Taylor-Bullen > 2000 > 3000 2000

Sharp Knee > 4000 > 3000 3000

Mild Knee > 8000 > 8000 3000

The three curves in Figure 48 all have a slope of about -1.71. A comparison
of the average slopes obtained from Figures 47 and 48 with the slopes obtained
using the cumulative probability approach shows that, over the high frequency
range alone, the slopes for the lateral and longitudinal gust components are
in good agreement. The slopes of the psd's for the vertical component, how-
ever, show more variation. The value of -1.34 obtained from Figure 47 is
considerably lower than the value of -1.71 obtained from Figure 48, whereas
the values from the cumulative probability approach fall between these values,
with a tendency towards the higher value.

Average slopes over the full range of wavelength in Figure 47 are somewhat
lower than the slopes over the high frequency range alone, whereas, in
Figure 48, the average slopes are more nearly constant throughout the fre-
quency range. This is probably due to the tendency of the psd's to bend
down at longer wavelengths, and it would be expected that more bending would
have occurred in psd's extending to )X= 40,000 ft than in psd's extending to

SkX = i0,000 ft.

Although the average pad's are generally fairly straight lines over the entire
frequency range, individual spectra are often much less regular. This irregu-
larity is clearly shown in the plots of normalized spectra in Appendix I. In
Figure 101, for example, a number of the curves break away from a
fairly steep high-frequency slope at wavelengths betweern 200 and 10,000 ft
and then resume the original slope at somewhat longer wav&engths. Upon
averaging, the result is a nearly straight line of considerably shallower
slope than might be thought characteristic of the individual spectra. It is
believed likely in some cases that the initial breaking away from the high-
frequency slope is a real property of the turbulence, whereas the resumption
of the steep slope at longer wavelengths represents the presence of noise.

I
SII



Section V

Concluding Remarks - In assessing the spectra shown in Figures 43 through 48,
it i.s felt that the data up to wavelengths of 10,000 ft (and possible extrapo-
lated to 12,000 or 15,000 feet, if a larger sample size were available) pro-
vide valid representations of the atmosphere. At wavelengths of 20,000 ft and
above, the situation is less clear because the data sample is much smaller,
the gust intensity level is generally considerably less, and the possibility
of some extraneous influence is correspondingly greater. However, even these
latter spectra are believed to be conservative from a design standpoint.

In evaluating the scale of turbulence, it should be remembered that the range
of values shown here apply to average power spectra. Individual power spectra
making up the average may have somewhat larger or smaller scales though only
a few spectra actually bend over and become flat within the range of the HICAT
measurements. However, based upon the apparent bending of the average spectra,
a scale of turbulence in the range 2000 to 4000 feet would appear to fit most
of the analyzed data.

SPECIAL STATISTICS

Probability Distributions of RMS Gust Velocity

Probability distributions of rms values of the three components of absolute
gust velocity, for the runs for which all three components are available as
identified in Table II, are shown in Figure 49. The rms gust velocities upon
which the curves in this figure are based are the RMS 2 values; these were
obtained by integrating the power spectral densities over the frequency range
from .0005 cycles per foot (X = 2000 ft) to the highest frequency at which the
)ower spectral densities were defined, corresponding to 5.00 cps and averaging

about .007 cycles per foot. The low frequency limit of integration was
selected for this figure as the lowest frequency common to all the power
spectral densities obtained.

Cumulative probability distributions rather than probability densities are
shown because this form of presentation is more amenable to drawing quantita-
tive conclusions. For any given rma gust velocity, the cumulative probability
read from the appropriate curve is the probability that the given rms gust
velocity is excecedt~.

Also of interest are similar probability distributions of rms values based

upon inclusion of longer wavelengths. For this reason, probability distribu-
tions of RMS 10 are also presented, in Figure 4). Theb latter probability
distributions are based upon a somewhat smaller data sample, however, since
RMS 10 values were obtained only for runs of at least 6.7 minutes duration.
The rms gust velocities upon which the curves in Figure 49 are based are the
values obtained by integrating the power spectral densities over the frequency
range from .0001 cycle per foot (X = 10,000 ft) to about .007 cycle per foot.

It is also felt that probability distributions of rms values emphasizing con-
siderably shorter wavelengths than RMS 2 would be of value, particularly for
comparing the three components of gust velocity. All runs include wavelengths
down to approxinately 100 to 150 feet; however, the low frequency limit of
integration for which rms values are available is 1000 feet. Consequently
the desired probability distributions must be of some other quantity which
can be related to tho rms values. A suitable quantity for this purpose is
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the square root of the faired psd at some appropriate single frequency. Such
a quantity is proportional to the rms value, as intensity varies, for a given
shape of poder-spectral density curve anti; therefore provides a measure of
relative gust intensities at shorter wavelengths. A frequency corresponding
to X = 200 ft wan selected to define this quantity which is then designated

S0200 " The resulting probability distributions are shown in Figure 50. The
square root of the fairei psd values upon which the curves in this figure are
based can be interpreted as being a constant times tne rms values that would
be obtained by integrating the power spectral densities over a very small
frequency range at .005 cycles per foot.

To con'nr-tr the rms and I~values plotted herein to rms values that would be
obtained if various shapes of power spectral density function were fitted to
the data and the integration carried out from zero to infinite frequency, the
rms (or square root of psd) values would be multiplied by approximately the
following factors:

Factor For
Spectral Shape KMS 10 RMS 2

Von Karman, L = 2500 ft 1. 42 2.48 .42
Dryden, L = 1000 ft 1.15 1.97 .41
Dryden, L = 2000 ft 1.55 2.72 .57

The factors for RMS 2 and RMS 10 were obtained f;om the theoretical curves
noted by evaluating the ratios

andJ 007 f0007

.0005 O 001.

respectively for PMS 2 and EMS 10. The factors for 00 were obtained by
calculating Q, irom the equation defining "che spectra± shape, at a frequency
I./% = .005 cycles per foot, and from this obtaining cr/Vf-, the desired factor.

In obtaining the probability distributions shown in Figures 49 and 50, varia-
tion in length of runs was accounted for approximately by weighting the
various runs, as discussed previou•!y under Average Spectral Shape.

The probability distributions shown apply to the flight time included in "runs"
as defined under Data Editing in Section IV, of 80 seconds or more duration.
To convert to a basis of total flight time, all of the curves would be shifted
down in roug'hly the ratio .033, which is the ratio of time in runs of 80 sec-
onds or more duretion to the total flight time for which data are available.
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The flatness of all the curves for ms gust velocities below 1.0 fps, orf
below about 5 fps/sfcpf, is due to excluding data in mild tuibulence - that
is, turbulence of WMS-2 intensity less than 1 ft/sec.

It should be emphasized that each rms value utilized in preparing these fig-
ures was an overall value for a given run, and that in many of the runs the
rms gust velocities varied significantly during the run. If this variation
were to be taken into account, the probability distribution. would show much
higher rms values at the low probabiility levels. This phenomenon is discussed
in detail under Stationarity.

Isotropy

Knowledge of the probable isotr'opy of turbulence is important chiefly tc
provide answers to the following questions:

0 First, should the turbulence intensities used for design be the
same for the three components of turbulence, vertical, lateral,
and longitudinal? This question is inportant because design
levels are ordinarily based primarily upon measurement of air-
plane center-of-gravity normal acceleration during a great
many hours of routine operational flight. Thus, the design
intensity of the vertical component of gust velocity is
established fairly directly. The determination of realistic
design intensities of the lateral and longitudinal components
must depend upon more complete data from a much smaller
sample, such as provided by the HICAT progrem.

* Second, should the airplane be considered to be subjected to the
design intensity of all three components of turbulence simultaneously,"or when one component is at its maximum is it probable that the

intensities of the other two will be significantly lower?

The isotropy of the turbulence measured in the HICAT program is Indicated in
this report in three ways. Each is discussed separately in the following
paragraphs.

Isotropy as Indicated by Gust Velocity PSD's - First, in order to determine
whether the isotropy picture is tthe sawe at all frequencies (inverse wave-
lengths), the comparative psd plots shown in Figures 46 through 48 are
examined. The results differ somewhat from figure to figure. However, it
appears reasonable to give the greatest weight to Figurc 46, which represents
the largest samples. On this basis, the figures collectively indicate that
all three components have about the same intensity (as measured by psd at

! the shortest wavelength at which measurements were made (100 to 150 ft.
They also show the vertical componint to decrease in intensity, relative to
the lateral as the wavelength increases. Thus, at the longer wave'engths,
the vertical component of turbulence appears to be somewhat less severe than
the lateral. The longitudinal component tends to fall between the vertical
and the lateral.
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For isotropic turbulence, psd's of the vertical and lateral components should
agree. Theory indicates, however, that ratios of the longitudinal component
to the lateral or vertical component in the constant exponent region of the
psd depend upon the exponent and have the following values:

r F/'L

@F/4L Ratio of longitudinal
Ratio of longiLadinal to lateral spectral

Exponent to lateral pad rms velocities

-2 2/3 .817
-5/3 3/4 .866
-3/2 4/5 .895
-4/3 6/7 .926
-1 1 1.0ooo

In the HICAT program, the direction of flight through the turbulence presum-

ably is random. Hence the turbulence should appear isotropic in the horizontal
plane, and the tabulated ratios between longitudinal and lateral psd values
should hold. In comparing the vertical component with the lateral or longi-
tudinal, however, isotropy does not appear to be so necessary, as the
mechanism generating the turbulence might be inherently directional.

Fo r an exponent of -3/2 to -5/3, characteristic of the HICAT psd's, the
theoretical ratio of longitudinal to lateral psd's is seen from tae table to
be about .75 to .80. The general impression given by Figures 46 and 47
is that the actual ratio is closer to unity, especially at the shorter wave-
lengths. However, the differences are perhaps so small as to be buried in
the scatter of the data.

The comparison of vertical and lateral components does seem to indicate the
tui-bulence to be isotropic at the shorter wavelengths but to be clearly less
severe in the vertical direction than the lateral as the wavelengths increase.

Isotropy as Indicated by Probability Distributions of RMS Gust Velocity - In
the secondcapproach to evaluation of isotropy, the rms values and, similarly,
the jio 3 values of the three components of gust velocity are read from the
cumulative probability curves of Figures 49 and 50 at a given probability
level, and the pertinent ratios are calculated. This approach is considered
to be somewhat more reliable than the first because the vertical, lateral,
and longitudinal intensities were all obtained from the same group of runs.

It is seen first that the ratio of longitudinal to lateral gust velocity is
roughly 1.00 for I20 , 0.90 for 1B4S 2, and 0.82 for IWS 10 throughout the
probability rant . The corresponding theoretical value, as indicated by the
table in ;he preceding section, is in the range 0.86 to 0.90. The values
based upon RMS 2 and RMS 10 are in reasonable agreement with the theory; the
value based upon V"i520 cannot be considered in agreement with the theory,
but does reflect a continuation of the trend defined by the RMS 2 and RMS 10
ratios. The general trend with wavelength is qualitatively the same as
indicated by the pad curves of Figure 46.
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Ratios of lateral to vertical gust velocity are as indicated in the following
table:

Region of Curve (V/02)VERT (RMS 2)ORT. (i l)VERT

Low intensity, 1.15 1.25 1.45
high probability

High intensity, 1.00 1.20 1.25
low probability

The ratio tends to decrease with increasing turbulence intensity, with the
high-intensity values being probably the more significant. The trend with
wavelength is qualitatively the same as indicated by the psd plots; the
vertical and lateral components are approximateij equal in intensity at the
short wavelengths, whereas the lateral component becomes significantly more
severe at the longer wavelengths.

Isotropy as Indicated by Probability-Paper Plots of Ratios of RMS Gust
Velocity - The above approaches give information pertinent to answering the
first ruestion posed, i.e., What relative intensities of vertical and lateral
gust are appropriate for design? They do not, however, shed any light on the
isotropy of individual patches of turbulence.

For this latter purpose, as well as to obtain an independent indication of
the average ratios amongst the three components, a third approach was
followed. Ratios of longitudinal to lateral, lateral to vertical, and
longitudinal to vertical spectral rms gust velocities were obtained for all
the available runs listed in Tabli II. These ratios were also calculated
based on the square root of the rsd's at ) - 200 feet. Probability distri-
butions of the ratios were then obtained, weighted according to duration of
run as described previously in the paragraph entitled Probability Distribu-
tions of W@S Gust Velocity. Plots of these probability distributions on
probability paper are shown in Figures 51, 52, and 53. The probability
indicated by the curves is the probability that the ratio is less than the
indicated value.

A Gaussian, or normal, probability is indicated by a straight line on such a
plot. The value of the variable at a probability of 50 percent is the mean.
The difference between the mean and the value read at a probability of 15.9
or 84.1 percent is the standard deviation.
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A summary of the pertinent values as obtainad from the carves follows:

F2 ____ EMS 2 RMS iC

Ratio 70% Std 70% Std 70%
Dev Probability Mean Dev Probability Mean d ProbabilityBand Band Band

Long.fLat 1.00 .1l 0.89-1.11 0.93 .14 0.79-1.07 0.79 .10 0.69-0.89

Lat/Vert 1.06 .11 0.95-1.17 1.24 .21 1.03-1.45 1.57 .37 1.20-1.94
Long./Vert 1.06 .09 0.97-1.15 1.16 .16 1.00-1.32 1.24 .16 1.08-1.40

The-distributions for the ratio of longitudinal to lateral J*100 , RMS 2, and
RM 10, 0shown in Figures 51, 52, and 53, respectively, are almost straight
lines. The respective mean values of 1.00, 0.93, and 0.79 are in excellent
agreement with the ratios of 1.00, 0.90, and 0.82 indicated in the section
entitled Isotropy as Indicated by Probability Distributions of RMS Gust
Velocity. In 70 percent of turbulence encounters, it would be expected that
the ratio of longitudinal to lateral intensities would lie between the two
values listed in the above summary table under the headings "70% Probability
Band."

Examination of the distributions for the ratio of lateral to vertical 00
RMS 2, and RMS 10 shown in Figures 51, 52, and 53, respectively, indicates a
fairly gocd straight line fit. Indicated means are shown in the suwiary table
above. The mean values agree quite well with ratios obtained at a probability
of about 0.5 from Figures 49 and 50 and listed after "Low intensity, high
probability" in the table on the preceding page. The variation of tne ratio
with turbulence intensity noted on the basis of Figures 49 and 50, is
quite possibly a real effect, as the presentation of the gust intensity ratios
versus probability is inherently dominated by the lower intensities, of less
interest.

The above discussion of the ratios of lateral to vertical applies generally
to the longitudinal-to-vertical curves in Figures 51, 52, and 53. The values
of the mean are consistent with means of 1.00 or less on the !ongitudinal-to-
lateral curves.

Summiary - Each of the three approaches used above to investigate isotropy, in
generil, shows the same relationship amongst the three components of gust
velocity, the lateral component tends to be the most severe, and the vertical
component tends to be the least severe. All three components tend to be about
equal in severity (say within 15 percent rms) at the highest measured fre-
quencies (roughly 0.007 cycles per foot); however, the lateral component tendE
to become somewhat more severe at the lower frequencies. For example, at a
wavelength of 10,000 feet the ratio of lateral to vertical rmu ranges from
1.25 to 1.45. The observed percentagb differences amngst the three components,
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Section V

however, are not considered large enough, in view of the samples sizes
available, to justify a conclusion that high altitude clear air turbulence,
on the average, is anisotropic. On the other hand, individual runs show
considerably more variation amongst the three components than do the averages.

The standard deviations obtained from the probability paper plo~s of ratios
of rms gust velocity, which range from 0.09 to 0.37, show that fairly large
variations in isotrophy exist from run to run.

Stationarity

Definition - By "stationarity", as the term is used in this report, is meant
the property of a time history whereby the statistical parameters of the Iiire
histo-ry, such as its mean, its. root-mean-square value, its power spectral
density, and so on, do not change with time. 12

Inportance of Stationarity - In any application of measured rms gust velocity
values to problems of structural design or, perhaps to a lesser degree, ride
comfort, stationarity of the sample is of major importance. Stationarity is
important because of its effect on the relationship of peak values of load or
"acceleration to r, values. For determining the strength needed to withstand
one-time loading, on either a "limit" or an "ultimate" basis, the peak value
expected once in some very long time, such as thu life of the airplane, is
needed. For evaluating resistance to structural fatigue, the expected fre-
quency of occurrence of peaks over a wide range of load levels is required.
Rms values are a necessary measure of turbulence intensity, but are of actual
use only as a means of determining expected peak values.

In the application of the continuous turbulence concept to problems of struc-
tural design and ride comfort, the atmosphere is first idealized as consisting
of finite patches of turbulence, each of which, as traversed by au airplane,
is rtationary and Gaussian. This finite patch model is then usually replaced
by one in which the intensity varies continuously, but so slowly with time
that the theoretical input-output relations still hold.

12This definition should not be confused with a different one sometimes used in

atmospheric turbulence studies. A time history of gust velocity or of airplane
response results from the passage of an airplane through a pattern of gust
velocities that ordinarily is assumed "frozen" in space. The stationarity of
the time history is then a reflection of the homogeneity of the frosen pattern.
If the terminology were to be chosen with esahauis on the turbulence itself
instead of rassage of the airplane through it, what is called "statios~ity"
in this report would then be called "nomogeneity." The term "atationarity"
would then be used to denote the property whereby the statistical parameters
representative of a given homogeneous region in space remin constrwt with
time. .W.s usage is esloyed in reports of the Low-Level Critical Aj.r Turbulence
Program conducted under USAP contract No. Af 33(615)-3724. However, when tur-
bulence is measured by an airplane passing through the turbulence, all that Is
directly measured is a time history, not an instantaneos pattern in space. Also,
any application of the results of the turbulence mensurments will be to the
prediction of statistical characteristics of a time history of an airplane
flying hrough turbulence. Consequently, in this report, the term "homogene-
ity" will not be used, and "stationarity" will refer to the properties of the
measured time histories rather than to the pattern of the turbulence.
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The prediction of load (or acceleration) peaks due to turbulenice is invariably
based on Rice's equation, which relates frequency of exceedance to load level:

2 1 2

hN(y) N

This equation can be derived theoretically, under the assumption that the time• history is stationary and Gaussian.13 The quantity N(y), although its formal

definition is not in terms of "peaks", provides a good approximation to the
number of peaks per unit time in excess of given values of y, for any reason-
able definition of a "peak." The approximation is especially good for values
of y/u- greater than 2 or for time histories characterized by a narrow-band
power spectral dersity.

For flight through many patches of turbulence of various intensities, as
would be experienced over the entire life of any given airplane, Rice's equa-
tion is applied, in effect, to each patch separately. The exceedances con--
tributed by all the various patches "%xe then added together to give a total.

Rice's equation, which relates peak values to rms intensities, is clearly of
great practical importance. Its validity, however, depends upon the gust time
histories being both stationary and Gaussian. The degree to which these two
conditions are met, therefore, would appear to be among the more important
properties of atmospheric turbulence to measure. In past programs directed
toward the measurement of absolute gust velocity time histories, however,
little if any attention has been given, quantitatively, to these properties -

either separately or in terms of their overall effect on the closeniess with
which Rice's equation applies.

Whether any given sample of turbulence is Gaussian may be rather diffici1it to
determine, and no attempt has been made in connection with the HICAT data.
Not only must the gust velocity itself be Gaussian, but the joint probability
distribution between the gust velocity and its first derivative must also be
Gaussian. Furthermore, until it is established that the function is stationary,
it is not at all clear how one could tell whether it is Gaussian, since, as
will be evident later, a time history made up of two segments of different
intensities, each of which is stationary and Gaussian, will not have a
Gaussian distribution overall.

l3It shoU.ld be noted that the Gaussian nature of the time history does not

result in a Gaussian distribution of the peaks. A Gaussian time history is
characterized by a Gaussian - or normal - distribution of values read from
the time history, either at random or at an arbitrary uniform time interval.
Rice's equation, which, as noted above, approximates the probability distribu-
tion of the peaks, has the same mathematical form as the equation for tie
Gaussian probability density. Bat Rice's equation inherently represents a
cuzulative distribution. When it is differentiated to give the probability
density, it no longer has the Gaussian form.
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But it is quite evident fro.'i even a casual glance at the HICAT time histories,
shown in Appendix IV of this report or Appendix VI of Reference 5, that a
turbulence penetration of several minutes duration is usually far from
stationary. Typically, patches of relatively severe turbulence are inter-
spersed with regions of comparable duration where the turbulence is clearly
less severe, or even quite mild.

How important this lack of stationarity may be to structural design depends
upon how the model of atmospheric turbulence to be used for structural design
is developed. A necessary element of ell such models is a probability dis-
tribution (or a set of such distributions) of " These distributions have
been determined in two ways.

The earliest power spectral models, developed in NACA TR 1272 and TN 4332
(References 13 and 18), utilized peak counts of airplane cg normal accelera-
tion obtained by VGH recorder to deduce probability distributions of Vw" With
this approach, stationarity was no particular problem. The ordy requirement
was that the turbulence intensity vary gradually enough so that the input-
output relationship for a stationary Gaussian process would apply. If the
turbulence intensity stayed jensibly constant for periods as short as 15 or
20 seconds, this requirement would be met. In fact, even if the turbulence
were not Caussian, the effects would tend to be the same in deriving the model
and in applying it to new designs so that approximately correct loads for the
new designs would result.

More recently, major programs have been instituted in which large bodies of
turbulence data are collected in a time history form suitable for processing
to give power spectral densities of absolute gust velocity. The first of these
was the B- -' low level gust program (Reference 19)in which power spectra were
obtained fur some 385 four-minute samples of turbulence. With such data
available, the former indirect method of obtaining aw distributions could be
bypassed; a Tw value was available for each four-minute run, and the proba-
bility distributlions could be obtained directly.

However, examination of the B-66 data indicated an anomaly. In comparing the
B-66 aw probability distribution with that proposed in NACA TN 4332, the B-66
distribution v,%a seen to be much-milder. Yet the UcT e peak counts obtained in
the B-66 program were more severe than those from which the TN 4332 T. distri-
bitions were derived.

In attempting to account for this discrepancy, it was found that a major source
was the failure of Rice's equation to predict the peak-to-rms ratio. And
there was rather convincing evidence, diacussed below, that this failure was
due to lack of stationarity. Thus it can be concluded that when ww distribu-
tions are obtained by the second approach, the stationarity of the turbulence
samples will have a major effect on the a. distributions obtaintd.

Theoretical Effect on Peak Count Curvas of Lack of Stationarity - In other
programs in which airplane load time histories had been recorded during flightthrough turbulence (in particular, the Electra flight test program conductedin mid-1960), examination of the records indicated a distinct likelihood that
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runs of four-minute duration would include some fractions that were sensibly
non-stationary. Furthermore, for test runs of two to five minutes' duration,
Rice's equation ordinarily predicts ratios of peak-to-ims load of about 3 to
3.5; yet values of this ratio as high as 5 or 6 had occasionally been noted in
the flight records. It was felt that it would be illuminating, therefore, to
examine theoretically the effect of nonstationarity (with respect to turbulence
intensity) on the peak-to-rms relationship. A Gaussian process would be
assumed.

For this purpose, it is convenient to plot exceedance curves on coordAnates of
log N(y) vs y2 . On these coordinates, Rice's equation plots as a straight
line, as shown in Figure 54 (a). In this figure, y has been replaced by a
specific quantity, Ude. As noted earlier, y can be any quantity that varies
in response to a var-ying gust velocity a; an input. The cg normal accelera-
tion is such a quantity, and Ude is simply this times a constant. In
Figure 54 (a) the units of N(Ude) are number of positive slope crossings per
duration of run. Thus, a value of N(Ude) = 1 denotes the one highest peak in
the run.

It is to be enmhasized that the derived equivalent gust velocity is not of
interest as such, but only as an indicator of characteristics of the turbulence
itself. Peak counts of absolute gust velocity, especially if the time his-
tories are first appropriately filtered, can be used just as well for this
purpose. In fact, if piloc input effects are small, the Ude time history can
be regarded as a time history of absolute vertical gust velocity to which a
particular filter, the airplane trarsfer function, has been applied.

For a sample of turbulence that is stationary and Gaussian, a plot of log
N(Ude) vs U~e will be a straight line, .ince Rice's equation will app!'.
Figure 54(a) represents such a case.

Suppose now, that an actual patch cf turbulence consists of two portions, both
statiunary but of different rms levels. For example, consider a patch of
which the first 90 percent yields an rms of 1.75 fps and the last 10 percent
an rms of 3.50 fps. The overall rms will be

0.90 x 1.752 +0O.10 x 3.502 = 2.00 fps

The expected exceedance curve for such a patch can be obtained by adding
together the contributions of the two parts, taking account of the relative
time in each as shown in Figure 54(b).

The significant result shown in this figure is that the expected highest peak
for the actual nonstationary patch is 40 percent higher than that obtained by
application of Rice's equation to the patch as a whole. It is clear that if
the only rmr gust velocity considered were that for the patch as a whole,
calculated airplane load peaks would be low by some 30 percent. Similarly,
if rms values for many runs were obtained in the same way and a probability
distribution obtained, the highest loa, peaks wouid again oe substantially
underpredict0d.
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It might be remarked that, in'the example shown in F!sure 54(b), the
10 percent of the time at the high rms valae need not be at either the
beginning or the end of the run, but might have occurred in the middle; or it
might have occurred in still smaller portions, distributed at intervals
throughout the run. In all cases, the exceedance curve would have been the
same. The only requirement is that the individual stationary portions be
long enough, or the rms level vary gradually enough, so that the theoretical
input-output relations for a stationa-y random process apply.

The same principle would apply if mc.re than two rms levels were present. Here,
the sum curve in Figure 54(b) would have bcen made up of the sum of three or
more straight lines. it is interesting to note that even with a continuous
variation in 0 w over the run, it is likely that the actual exceedance curve
can be approximated quite closely by adding as few as two or three straight
lines, representing a correspondingly small number of discrete aw values.

Comparison with B-66 Test Data - To see whether actual turbulence samples
would display a shape of exceedance curve similar to that of Figure 54(b),
exceedance curves were prepared from the published Ude peak count data for .the
B-66 tests, The resemblance was indeed striking. Moreover, the ratio of
measured peak value to peak value predicted by Rice's equation was found to
average about 1.3, which together with other factors, was sufficient to
account for the anomaly in the comparisons with the TN 4332 data. (Reference 13).

Thus it became very clear that if 0 w probability distributions are based on
ww values obtained as averages over runs of roughly four minutes or longer
duration, the results will be dangerously misleading for use in predicting
airplane load or acceleration peaks.

Stationarity of HICAT Test Data - A comparable examination of the HICAT data
was therefore considered to be in order. Several examples of plots of N(Ude)
versus (Ude) 2 and of N(UV) versus (Uv) 2 are shown in Figures 55 and 56. The
UV time histvries used in obtaining these plots were high-pass filtered using
the 7000 i't filter described under Peak Counts Qf Absolute Gust Velocity.
These plots represent the fcllowing runs:

Test and Duration
Run Base Location (see) RMS Ude

88-9 New Zealand 110 0.87
102-2 Australia 235 1.78
107-8 Australia 960 1.14
107-14 Australia 670 0.74
147-4 Puerto Rico 255 1.90
164-4 Alaska 215 1.42
220-10 Maine (low alt.) 270 1.95
266-12 California 460 1.74
266-17 California 180 2.35

Cases (test and run) 88-9, 107-8, 107-14, and 147-4 were selected uwre cr less
at random, co'rering a range of durations, locations, and rms levels. These
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were later found not to include the runs that appeared most stationary froni
their time histories. As a result, cases 102-2 and 164-4 from the 1965-1967
HICAT program and cases 266-12 and 266-17 from the 1967-1968 program were
added. Case 220.10 was added as a single sample of low-altitude turbulence,
obta:'ned during a landing approach.

In all cases the experimental curve has the characteristic concave-upward
shape indicated theoretically in Figure 54(b). Also, in all cases, a very
close fit to the test points is obtained by adding only two straight-line
components, to give the curve labeled "sum." This closeness of fit is rather
remarkable when one notes the many different intensities displayed in several
of the time histories (Appendix IV).

in Figures 55 and 56, the lines representing Rice's equation are plotted using
the Ud and UV rms values obtained from the time histories, and No values
equal to the total number of peaks courwted using the mean crossing procedure.

Ratios of the Ude and UV values read from the faired test-data curve to those
read from the curve of Rice's equation at N(Ude) or N(Uv) 1 are as follows:

_ de U 2  u UV 2 u
de de V V

Case Test Rice Ratio Ratio Test Rice Ratio Ratio

88-9 25 7.9 3.16 1.78 214 65 3.30 1.82

102-2 54 37 1.46 1.21 289 105 2.75 1.66

107-8 76 19 4.OO 2.00 151 29 5.21 2.29

107-14 36.5 6.2 5.79 2.41 100 15 6.66 2.58

147-4 70 41 1.70 1.31 92 44 2.08 1.44

164-4 4+2.8 23 1.86 1.37 81 37 2.19 1.48

220-20* 94 42 2.24 1.50 49 30 1.63 1.28

266-12 78.5 37 2.12 1.46 120 64 1.87 1.37

266-17 81 60 1. 35 1.16 1..

low altitude run

(Reliable UV data were not available for case 266-17 because a large roll
angle occurred which exceeded the range of the instrumentation (+15) during
most of khe run.) For even the four cases for which the time histories had
the app.. .rance of rather good statioraarity (102-2, 164-4, 266-12, and 266-17),
the Ude und UV ratios tend to be substantially greater than unity. (For
only one of these, 266-it, was the ratio of 1.16 fairly close to unity.)
And values of these ratios in the vicinity of 2.0 or more e-e seen to occur
for two runs that appeared least stationary.
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In cumpariLun, application of the same technique to the 27 four-minute runs
from the B-O) low level gust study (Reference 19) for which Ude peak counts-
were available gave ratios fairly well scattered over the range 1.05 to 1 57.
The ringe for the B-66 data is seen to be lower than for the IIICAT data.14
This difference is consistent with the impression, gained from visual exam-
Ination of records of earlier low-altitude flights of the. contractor's
airplanes, that low-altitude turbulence tends to be more nearly stationary
than high altitude turbulence.

Applicabi.lity of Rice's Equation to the HICAT Data - The qualitative agreement
in shape between Figure 54(b) and the curves shown in Figures 55 and 56,
together with the conspicuous lack of stationarity in many of the tame his-
tories, makes it quite plausible that lack of stationarity is the predominant
reason for the disagreement between the measured exceedance curves and the
theoretical curves given by Rice's equation. The fact that the ratios
obtained in the B-66 analysis include some close to unity further suggests
that no other cause is necessary.

The possibility is certainly not ruled out, of course, that some of the dis-
crepancy between measured peak counts and Rice's equation is due to the time
history not being Caussian. Indeed, if the constant-rms portions into which
the run is considered to be divided are vanishingly short, it might be more
valid to regard the time history simply as non-Gaussian. The distinctign
is believed to be of secondary importance, however. What is important is
that, for whatever reason, the peak-to-rms ratio is not in agreement with
Rice's equation, and the degree of disagreement is an important property of
the turbulence. Nevertheless, it does appear that the disagreement between
Rice's equation and test is due primarily to lack of stationarity and that
the magnitude of this disagreement can be regarded as a useful measure of
stationarity.

Coniluding Discussion - The significant conclusions with respect to station-
arity of the HICAT data are:

1. Examination of the gust velocity time histories indicates signifi-
cant -ariations in intensity throughout the run, in nearly all runs.
This variation appears to be more pronounced than that for low-
altitude turbulence.

2. Apparently as a result of this lack of stationarity, the ratios of
peak ,alue to rmb value for any given run, of any airplane response
quantity, are in excess of the ratios predicted by Rice's equation
by factors ranging from 1.16 to 2.58.

3. Any probability distribution derived from average-over-the-run •w
valteo will lead to a gross underprediction of the higher load
peaks when applied in airplane design.

14Note that the HICAT Jw altitude case (220-10) yields ratios within the
range establiched for the B-66 data.
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A systematic evaluation of stationarity for all the HICAT runs is beyond the
scope of the present program. In fact, such an evaluation is not necessary
because no attempt was made to obtain a random sample of turbulence intensi-
ties from which a probability distribution could be obtained that would be
useful for design. In other programs, however, overall probability distri-
butions of rms gust velocity may well be an important output. If so, it is
extremely ir.pcrtant that the effect of nonstationarity be properly accounted
for. A technique for accomplishing this might involve breaking down each
run into two or more rmis levels in accordance with the concept illustrated in
Figures 55 and 56.

DATA QUALITY EVALUATION

Frequency Response

PCM Frequency Response - The pulse code modulation (PCM) system low-pass
filters and digitizes all the HICAT measurements. To check the input/output
relationships of this vital system, an end-to-end frequency response test was
performed. The results as obtained from the magnetic tape recording are
shown in Figure 3 in Section II. Figure 3 indicates the PCM system amplitude
response to be flat within about 3% from 0 to 5 cps, and attenuated to a value
of 2% at 12 cps. Also, Figure 3 shows the average phase lag per channel in
the frequency range from 0 to 4 cps is 41 degrees/cps corresponding to a con-
stant time lag of 0.114 seccnd. This response is due almost entirely to the
analog filters.

Transducer Frequency Response - In general, all of the primary gust maneuver-
ing instrumentation (i.e., gust sensing vanes, airspeed, total temperature,
and accelerometers) have frequency responses flat tc within 1% over the fre-
quency range of interest (up to 5 cps), with the exception of the gyro and
vertical platform measurements. These have flat responses up to the numerical
filter cutoff frequencies shown for individual measurements in Table IX,
Appendix II.

Noise and Drift Effects

Instrument Noise - Undesired signals of whatever origin are usually referred
to as noise. High frequency noise associated with the t,-ansducer measurements
was removod or at least greatly attenuated by the passive low-pass filters of
the PCM as indicated by Figure 3 of Section II. To further reduce the noise
and thereby improve the quality of the computed gust velocities, numerical
low-pass filters were used. The characteristics of these filters are illus-
trated in Figure 162, Appendix II. The measurements and their respective
filter-s are listed in Table IX, Appendix II. The filter cutoffs were
selected to ccrrespond approximately with the upper end of the useful response
range of the individ,,al measurements.

System Noise and Drift - The noise and long term drift behavior of the gust
measuring system were examined by evaluating several "zero-input" ground test
records as if they were high altitude gust penetrations. This was accom-
plished by computing gust velocities in the usual wayl5 after setting the mean
values of total temperature, pressure altitudc, and indicated airspeed to give
a calculated true airspeed of about 700 feet per secund. The resulting drift

15Exccept that linear trends were not removed.
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time histories are shown for each gust velocity component and for each test in
Figure 57. The vertical gust velocity is near zero at the end of tht run
because the platform vertical acceleration (the main source of vertical gust
arift) was integrated with respect to the mean value of acceleration. In the
case of the lateral and longitudinal gust velocities, the platform performs nhe
integration internally and provides a velocity signal which contains the main
drift error.

Since linear drift effects will normally be removed in the determination of
the gust velocities, the deviations of most interest are the nonlinear ones.

The drifts illustrated (possibly, though not necessarily, typical of high
altitude tests) do not appear to hi.ve significant deviations at periods of
interest (< 30 seconds) to HICAT.

Examination of the gust velocity spectra in Figure 58, which was computed for
the longest of the drift runs, confirms this observation. The power spectral
density of any of the gust velocity drift components at a wavelength of
20,000 feet is very small ccwpared to any of the long wave turbulence spectra
shown in Appendix V.

*1To make the comparison easier and more meaningful a minim=u level HICAT spec-
trum was established and is shown in Figure 58. T1.is spectrum roughly
approximates the lower border of the HICAT gust PSD envelope in Figure 37
while providing an RMS-2 gust intensity of 1.0 ft/sec. By dividing the power
spectral density of this spectrum by similar values from the drift spectre,
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an estimate16 of the instrumentation system signal-to-noise ratiu is obtained
,for each gust component. Figure 59 shows the result and indicates the rela-
tive quality of the component velocity measurements on the basis of signal-
to-noise ratio. The vertical component is clearly the best, while the lateral
and longitudinal are general?.y of lower quality1 7  However, all components
have minimum level signal-to-noise ratios of about ten or better on a power
basis.

Gust Velocity Measurement Accuracy
Component Accuracy - The measurement accuracy of each HICAT transducer appears
in the final column of Table I, Section II. These are percentage rms values
of the transducer measurements before they are filtered and digitized in the
PCM system. The table indicates all the measurements which are used in the
gust velocity equations have basic accuracies of ±1.3 percent rms or better.
Limitations of calibration equipment and procedures will contribute another
0.3 to 1.0 percent to this figure.

It must be emphasized that this is only an estimate since the noise in
actual flight can be increased by pilot inputs, vibration, elastic mode
resnonse, etc., and will vary from test to test. At the saws time the sig-
nal will normally be larger than the minimum level shown.

1In Reference 5 it was shown that the resolution of the vertical gust instru-
mentation was about a factor of two better than that for the other two gust
measurements.
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The analog filters attenuate the measurement signals slightly, depending upon

the frequency. This effect varies from filter to filter, but can be as much
as two or three percent at 5 eps. At frequencies less than 1 cps, the
average attenuation ar.ounts to less than 0.5 percent of the input amplitude.

The PCM digitizing process introduces another very small error. This error
is ±-0.5 percent ±1/2 of the least significant bit, which iz equivalent Lo
an accuracy capability of 0.1 percent.

Gust Velocity Errors - A rough estimate of the error in the gust velocity
determination may be established from examination of the basic gust velocity
equations and ccnsideration of the error in the various irnividual measure-
ments. For this purpose the gust velocity equations are reproduced below in
somewhat simplified form, ignr-ing second order terms.

U VA&>- V &+&U 5V T T PGz (5)
Z€

U =V ap A -AU
LT VT - UGo (6) T

SF AVT - PG (7)
x

By applying thie fullowing relationships from Reference 20, the er-or may be
estimated f-r each 4'ust velocity component.

y =F(xl, x2 .... x.)

2 ',IxF 2 2 (
n i i7

2 T

variance of yY

x. = ith-numbered x term contributing an error

-2
i 2 variance of the ith term.

3.13

S7,,



Section V

Tbe resulting equations for the one-3igna error are as follows:

[= f cr, o + ,(YVT)? + (,,T 0.6 + (Au.OcV)2 +o 21]1/2()

= - V +IS PO( 2 + (VT (IPi 2 + T l/12 (1o)UL T VT \VT UY

-r2 + T21/ )

! Te mseror(nglct rU drit) w( a)
U F [VT UX

herms error (neglectir linear drift) was estimated for each measuremxent as
follows:

= ±G. 2o0 o-, = ±0.12* ° ±2,8 fps TU, = 1. 4 fps
VT

±0. 20- -_0.20' = ±-.4 fps CU = 1.4 fps.

An av•rage airspeed of 700 fps was used for Vr, with thie other constant values,
selected to be representative of fairly aevere high altitude CAT, as follows:

Aa = ±2 -5_

-A ± = ±2.50 ±5.00

By making the appropriate substitutions in equations (9), (10), and (11), the
following gust velocity error estimates were obtained:

.ne-Sigma Gust Velo Ity Eiror

Gust Component m Error

Vertical ±3.1 fps

Later-A ±3.7 fps

""Longitudinal ±3.1 fps

:.1

.t.
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From a tneoretical ctandpoint, gust velocity errors other than systematic
errors should be less than the values indicated about 70 percent of the time.
Since the assumed randomness of errors is always questionable, it may be more
significant to consider the relative magnitude of the errors. On this basi-,
the lateral component appears to have a significantly larger error than th..
other two components because of combined heading and airspeed measurement errors.

Gust Velocity Errors in Roller Coaster Maneuvers

Several times during the course of the HICAT program, smooth symmetric pitch
maneuvers or roller coasters were performed in calm air to verify the per-
formance of the instrumentation and check the gust velocity equations. If the
air is perfectly calm and the instruments ere calibrated accurately and working
properly, the result of the gust velocity determination should be very nearly
zero, i.e., in agreement with the test conditions.

The implications of this statement can be best understood by examining a
somewhat simplified vertical gust velocity equation, as it applies to a roller
coaster,

U V vT(A Ae) + &azdt

For UV to be exactly zero at all times during the maneuver requires that the

difference in the first term precisely cancel the second term. This, of
course, will not happen unless the measurements are perfect in amplitude as
well as phase1B. Normally, this is not the case and a small Qiscrepancy will
result. This discrepancy can result from small errors in all the components
as well as from a large error in Just one.

Figure 60 illustrates the behavior of the individual measurcment terms and the
resulting velocity discrepancy for an actual roller coaster maneuver. The
angle of attack and acceleration are seen to have almost exactly Vie same
phase,with the result that the maximum value of the integral (i.e., the plunge
velocity) occurs when VT A& is zero and VT AO is at or near its peak. The
resulting velocity discrepancy in this case is ±4.5 feet per second.

It is important to realize at this point that the elevator input in the roller
coaster maneuver is not the same as a pure gust input. In a roller coaster
the cg acceleration associated with the vertical (plunge) velocity is produced
by pitching the aircraft nose in the direction of the plunge, whereas in
turbulence (without elevator motion) the aircraft will ordinarily respond
oppositely from stability considerations but can also pitch or plunge inde-
pendently, i.e., randomly. Thus the velocity discrepancy associated with a
roller coaster is evidence of an imperfection in one or more of the measure-
ments in the system, but it is not necessarily a measure of actual gust
velocity error in turbulence. This latter error can onl be established by

identifying the error contributing components and then determining the contri-bution of each component to the overall gust velocity measurement on an rma

basis.

18Compensating errors are possible but exactly compensating errors are very
unlikely.
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Figure 60 Roller Coaster Manerver Gust Parameter Time History

It should also be recognized that pilot inputs in turbulence are analogous to
performing roller coasters in turbulence and thus produce similar errors. If
pilot inputs are small or absent, then the error from this source will be
small or absent. The system errors will remain, of course, but without aug-
mentation by the pilAt.

In previous HICAT work (Reference 5) an apparently significant velocity
discrepancyl9 was shown to occur in roller coaster maneuvers. The amplitude
of the error appeared to increase with the period and amplitude of the control
input. In order to better evaluate this effect a series of roller coaster
maneuvers of' differing oscillatory periods were perform-id. Figure 61 shows an
example of the gust velocity time histories obtained from one of these
maneuvers. The vertical gust component shown has a 15-second oscillation of
roughly t3 ft/sec amplitude obviously resulting from the pilot's elevator
motion. However, the 15-second oscillation is very small or absent entirely

1 9 Although the individual source(s) producing the discrerancy were never
clearly identified, considerable effort was made to improve the quality of
the measurements and thereby reduce the discrepancy. These efforts con-
sisted of improving calibration procedures, increasing :vortical accelera-
tion resolution by reducing the range and installirt a i,ew airspeed
transducer.
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from the lateral and longitudinal gust velocity time histories. The nonzero
lateral and longitudinal components appear to result from longer period
secondary effects (i.e., changes in heading, speed, altitade) rather than
directly from pitch control input.

On the basis of data from this maneuver and others like it, the vertical gust
velocity error per degree of elevator deflection was determined and plotted in
Figure 62. It iriicates clearly that the error per degree increases with the
period of the ma.! ti,-r, as noted earlier.

The actual magnitude of the gust velocity discrepancy is shown in Figure 63
as a function of the peak vertical velocity of the aircraft measured in the
various roller coaster maneuvers. The figure indicates errors of about the
size estimated earlier (i.e., in the Gust Velocity Error section) which
increase linearly with overall vertical velocity input.

The percentage velocity discrepancy 20 as a function of roller coaster maneuver
period is presented in Figure 64. The percentage decreases from 10 to 4.7 over
the range of maneuver periods from 4 to 35 seconds corresponding to gust
wavelength of about 2800 to 24,000 feet. As Figure 64 shows, the 10 percent
discrepancy values are actually only 1 to 2 ft/sec in magnitude and come from
low amplitude maneuvers where the measurement resolution was poorest.

At much lower periods than those shown (i.e., T<l.0 sec), the gust velocities
are measured almost entirely in terms of VTA& since gross aircraft responses
are negligible. Accuracy of this term is of the order of t2 ft/sec; however,
velocity differences as small as 0.2 ft/sec are resolved.

Alternate Gust Velocity Calculation

In case of a malfunction or failure of one or more of the gust ieasuring
instruments, and in particular the inertial platform, some backup instruments
were provided. These consisted mainly of normal, lateral, and longitudinal
accelerometers near the aircraft center of gravity and angular rate gyros in
the nose. Figure 65 and Figure 66 show a comparison by component of gust
velocity spectra computed using platform measurements with similar spectra
computed using integrated cg accelerations and angular rates, i.e., the
"alternate" measurements. Some relatively small discrepancies are noted in
the vertical and lateral spectra at the longer wavelengths. In general,
however, the agreement between the two kinds of spectra appears to be very

Low Altitude Oust Velocity Spectra

In order to provide additional confidence in the high altitude gust velocity
spectrC determinations, it is desirable to compare them with similar measure-
ments made by other investigators with different inatrumants. If the charac-
teristics of measured spectra agree, the presumption is usually that bota sets

2 0The aiscrepancy between two quantities both of which are believed in error

is usually divided by two in determining the percentage; however, this was
not done in this case.
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of measurements are correct. Unfortunately, this particular kind of check is
not possible with the HICAT data because similar high altitude measurements
have not been made as yet.2 1 However, this difficulty may be partially cir-
cumvented by using the HICAT system to obtain low altitude gust velocity
spectra for which an abundance of comparison data exist, most notably the
Boeing I0-LOCAT data (Reference 21).

Low altitude spectra were obtained from the landing approach portion of three
HICAT tests. The spectra appear in Figure 67. Note that all the gust velocity I
component spectra appear to have well defined -5/3 slopes and to be reasonably
isotropic. This agrees with other low altitude gust velocity data and in par-
ticular the extensive LO-L'CAT data. Time nistories for these tests are
included with the high Patitude CAT data in Appendix IV, Volume II.

$ I

I"

21., in expected that some gust veiocity datQ will eventualy be obtained

from XB-70 testc.
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Sec tion Vi

SACTIP VI

E0TOROIDGICAL ASPECTS

A major goal of the HICAT program was the collection and analysis of
meteorological data pertinent to the study and determination cf the physical
conditions associated with clear air turbulence.F I
This section of the report lists the sites 3elected for sarging and tells
why the, were selected, describes the forecast procedures used &t the variouz
sites, discusses some data collection problems, snd comu-..ts concerning
accuracy of upper level observations. Methods of predicting CAT are also
discuised. A discussion of the relation between meteorological anIyses and"
obser .-ed turbulence and an evaluation of HICUT forecast methods are presen.ted.
Finally, the HICAT procedure for the prediction of turbulence in the 40,000
to 70,000 foot range is submitted.

In order to substantiate the analysir methods described herein a detailed
analysis of ten MiCAT tests is provided in Appendixc IG. fat-earological smo-
maries are compiled for all the HIGAT search flights tn Ap.endix VI, Volume II.
The summaries include flight track maps, M•OB charts of terperature versus
pressure, and 70 (or 100) mb charts of temperature and wind. Detailed infor-
mation about individual CAT encounters (i.e., runs) is provided in the HICA.
Test Summary Table in Appendix IA.

SITTE SEIEJTION AIND FIMl F0RELAST NETH0DS

Site Selection and Discussion of Operations

Six sites were selected from which to base the U-2 flights for the HICAT pro-
gram. These sites were selected to provide a variety of vw-teoralogical and
geographical conditions for the stad.s of high altizide clea. air turbulence
ard, in addition, to :,mplement the data obtained during-the previoras HICAT
flight program. The six 1haees of operation were as folllows.ý

(1) Bedford, England: March-April, 1967

A British base of operations was selected to provide an opportumity
to fly over the British Isles during periods or intense tropospheric
storms and their aesociated jetstreams. An additional objective was
to fly the U-2 in coa.juiction with an instrumented Canberra aircraft
operated by the Royal Aireraft E3stablishment (WI•). The Canberra.
sampled eltitudes in the 20,000 to 40,O00,-foot range along the
same route flown by the U-2.
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()Ba'k-sdale Air Force Fsite, Louisiana: ?4ty 196"/
The privary purpose of opere~tioria from this base in the central
U, , Uter Stu&tes we., to fly, over a~reas of conife(tive &a oivity, i. e.,
tbrinderstorms, aqrAll ina Lnud fronts. Miscions were planned and
Waly liaiso. was maintaiusd with the National1 Severe Storms Labora-
tory (NSSL) at biormn, Oklahou~e. NSSL predicted when and where con-
vective ae-ti'city could be apeet-d. If tiae area of int~erest was
within the rang of t~he laborai.ory' s radar network, IJICAT flights
were schedC~ed to coordimate with the NSSL Rough hRider flights. If
tbe probbability of sto.'m activity wras low, then HIUAT missions were
pl~arnea to inveatigate areas of tarbuletce predicted by Gflobal
Weather Ceý-ttral. (ýMW) o;- the HIC&T± meteorologist.

(3) Laring Air Force Base. Maine: Juue-JUly, 1967

New Enagland, Nova Scotia, and Newfoundland frequently have low pres-
su.c s- stl that move sou~thwest '.0 northeast across this region.

Aloft. jetstre-ass frequently 'ýonverge and intensify. These condi-
tionas are favorable for the production of ab-tndant turbulence.
Another reason for sel]acting the site was its proximity tc future
supersoni . transport routes.

(4) Aibrodk Air Force - se, Canal Zone (Panama): July-August, 1967

The primary objective for conducting HICAT tists from Panama was toV
Invest-Amte turbulence over the Tntertropical Convergence Zone

The months of July and August are favorable for I!LZ act iv-
ity. A rcondary objective was to measure turbulence intensity over
weli-develcped isolated thunderstorms.

* I Numerous Lissions were completed above well developed thunderstorms
and, three flights were conducted over the ITZ, viz., tests 227, 228,
and 231.

(5) Patrick Air Force Base, Florida: September-October, 1967

Florida was selected as 'the base from which to irvestigate clear air
turbulence over a tropical storm or hurricane. September is con-
sidered the month most favorable for hurricane developmant.

J Two hurricanes formed and moved within rang.Ž durirng this period.
Flivhts were made over hurricane Doria on 11 September (Test 241)
and Beulah on 20 September (Test 247).

(6) Edwards Air Force Base, California: Nov-Dec 1,967, Jan-Feb 1968

When orl1ginaVlj planning the HICAT winter activity, it was expected
that HICAT fl-ights would be conducted fram Okinawa and a base in the
Mediterranean area. However, for a number of reasons, this period
of~ the project v-as completed at EC? ds AFBS, Callfornia.

22Te aisor potio ofthe &UI~s, of the broad t~radewind current of the

in.thenorher beispereand the southeast trade wirds in the southern

9, - - - hemisphere.Tia es:diiiglnbeeethnohattre nd
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in retrospect, this was a fortunate turn of events, since more
turbulence, in terms of intensity and duration, was encountered in
flights from Edwards AFB than at any of the five previous locations.

Joint tests were conducted with the National Center for Atmospheric
Research to investigate turbulence associated with mountain waves
(Tests 279, 280, 281, 282, and 283).

Forecasting Methods

During the initial HICAT program and the redirected HICAT program, local
meteorological facilities personnel were utilized for forecasting. In most
cases, these personnel had little or no experience in forecasting CAT at
levels above 40,000 ft. Consequently the Global Weather Central (GWC) fore-
casts were used to some extent at all the baser. These forecasts comprise the
only strictly comparable methods used at more than one base until the advent
of the extended HICAT program and the employment of a field meteorologist for
the HICAT Project.

England - CAT forecasting at Bedford, England, was a joint effort by British
and HICAT meteorologists. The forecasts utilized Global Weather Central (GWC)
data together with analyses of the 100, 70, and 50 mb constant pressure sur-
face, tropopause height, RAOBs, and in some cases Richardson numbers. Jet-
streams were routinely observed that crossed over the Scottish mountains.
Whenever possible, an attempt was made to fly in the Global Weather Central
(GWC) forecast area as well as in the most favorable area selected by thej
HICAT and British meteorologists.
Louisiana - HICAT forecasts at Barksdale AFB (near Shreveport) were made with

the assistance of base forecast personnel. The forecast method required analy-
sis of the 70 mb pressure surface and horizontal temperature gradient. Also
at this time, analyses were begun of the 70 mb Az (12 hour height change in
meters of the 70 mb surface). RAOBs were analyzed and inspected for vertical
temperature gradients. Particular attention was paid to the presence of
inversions as related to the Haymond technique for forecasting turbulance
(Reference 22).

Maine - At Loring AFB the forecast procedure was essentially the same as that
at Barksdale AFB, Louisiana. Basic weather maps analyzed were the 100 and
70 mb constant pressure surfaces with horizontal temperature gradients over-
layed, &z (70 mb height change chart), RAOB analyses, and chart of the thick-
ness variation between the 70 mb and the 50 mb levels. By analysis of the
thickness variation, determinations concerning temperature advection were made.

The overall forecast was a cooperaiive effort betieen the HICAT meteorologist
and Loring AFB forecasters. The Global Weather Central (GWC) forecast was
received and evaluated each operational day. The GWC and HICAT forecasts
agreed about one-fourth of the time. When the forecasts did not correspond,
an attempt was made to fly the HICAT aircraft in both areas.

12
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Panama - At Albrook AFB, data analyzed were the 70 mb constant pressure
chart with isotherms, the Az chart, the 70 mb-50i mb thickness and PAOBs.
The locally analyzed surface map was used to determine the degree of activity
in the Intertropical Convergence Zone. Pilot and radar reports were also
used to augment these data. Howard Air Force Base, Canal Zone, weather per-
sonnel cooperated with the HICAT meteorologist in the turbulence forecast
effort.

Operations from Panama clearly indicated the difficulty of operating over
regions where there are few weather stations. An average of eight RAOBs
were received each reporting period for an area of 3,600,000 square miles -
approximately one-tenth the number received for a similar area in the United
States. Unfortunately, GWC forecasts, because of higher priority transmis-
sions, were frequently received too late to be useful.

Florida - Weather personnel at Patrick AFB assisted the HICAT meteorologist
in making high altitude forecasts for operations over the southeastern states
region. Forecasting procedures, except those for hurricanes, were initially
quite similar to methods used at the previous three locations. A few
.ynoptic events occurred, however, which indicated that a distinctive rela-
tionship between horizontal temperature gradient and streamlines of the wind
flow pattern might be used as a parameter for forecasting the location of
turbulent areas. Subsequent analyses for these characteristics proved
favorable.

California - At Edwards AFB the 100, 70, and 50 mb analyses of constant pres-
sure surface, isallohypse, 2 3 thickness patterns, and PMOBs were utilized when
appropriate. Additionally, and as was done during the final phases of opera-
tions from Patrick AFB, a detailed analysis was made of the horizontal and
vertical temperature gradients and the horizontal two-dimensional wind
-vector field.

The first upper level pattern, based on the thermal trough and wind flow
method that indicated turbulence, was observed on 17 November, 1967. The
pilot encountered moderate to severe CAT in the forecast area. This method
of forecasting was used on subsequent missions.

AVAILABILITY AND TMITATICS OF METEOROLOGICAL DATA

At the beginning of the Extended HICAT Program (March 1967), a comprehensive
literature survey was conducted to determine what meteorological information
was available relative to analysis and forecasting of turbulence in the
upper troposphere-lower stratosphere.

As indicated in the preceding forecast methods discussion, there was little
need for high altitude forecasts in the past, except for the operation of a
few special purpose Air Force aircraft. Theree were some theoretical studies
'"onceming turbulence in general that had so rulevance, but at that time
they had not been tested. It was necessary therefore to develop analysis

2 3A line of equal change in height of a constant presbure surface over a

specified prior interval of time.
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techniques from which high altitude turbulence forecasts could be made. A
prerequisite was that the forecasts be based upon data available on the
national weather reporting network.

DATA ACCURACY

During the HICAT program a continuing effort has been made to reduce the
errors normally associated with the analysis and evaltation of meteorological
data. It is believed that the errors are at a minimum o.ven though in some
instances it was necessary to make choices between t.,,u or more data sources
(e.g., aircraft observation, teletype reports, national weather records
center data), when obviously only one could be correct. When these problems
occurred, personal judgment regarding the proper selection of data was the
only recourse. Some aspects of weather data errors are discussed below.

Radiosonde Data

Since nearly all correlations of turbulence with meteorological factors
involve the use of radiosonde and rawinsonde data, mention should be made of
the accuracy of this data. It is probable, however, that discrepancies
resulting from the spatial distribution of radiosonde stations (approximately
250 rn between stations in the U.S.A.) and from time differences between
soundings (usually 12 hours and up to 24 hours in some foreign countries)
have more effect on the results than the accuracy of the instruments
themselves.

Hodge (Reference 23) has deduced that resolution of ground equipment and
evaluators plus interpolation errors cause a scatter band of around 1C in the
sounding profile. The scatter increases with height, probably due to the
longer time interval between reference points in the upper levels resulting in
a larger number of temperature interpolations. An error of 10C in a P-000-foot
layer would result in a 7-foot height error (Reference 24). Scatter resulting
from the plotting of soundings of one radiosonde observation recorded on two
sets of ground equipment imply that the major portion of the scatter does not
result from the radiosonde itself (Ref. 20). Factory flight simulation tests
have shown that errors greater than 1C occur in using the U.S. Weather Bureau
radiosonde only 11 percent of the time. The rawinsonde ballon system can be
affected appreciably by precipitation and ice formation. In addition, the
drag coefficient increases as the balloon changes shape fron approximately a
teardrop near the surface to a sphere at higher levels (Reference 24).

Other factors influencing the reliability of wind data include lack of
cohsrence between significant levels used in determining the temperature
souiding and the levels of reported winds, rounding off of direction (to the
nearest 10 in snm countries), and the decreasing reliability of both
recorded speeds and directions as the angle of the balloon approaches the
horizon. In Australia, where wind speeds in the winter my exceed 100 knots
over large height intervals, it is not uncomon for a balloon to travel
100 miles or mo frae the station by the time it reaches 60,000 feet. This,
in turn adds to the difficulty of coordinating the spatial distribution of
turbulence reports with radiosonde data.
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Comparison of U-2 and RAOB Duta

During the climbout portion of HICAT Test 102, temperature measurements were
obtained based upon two-second averages of the sampled data. These values
are plotted in Figure 68 and compared with radiosonde observations from
laverton (the flight's point of origin) and Wagge (about 230 miles northeast
of Laverton) as well as with the U.S. Standard Atmosphere.

A close agreement exists between the flight measurements and the radiosonde
data from Laverton, despite a time discrepancy of over one hour. Agreement
with Wagga data is not as good because of the distance from Wagga to the
climbout flight path. Since the wind direction at Laverton deviated very
little with height, the distance the balloon travelled can be approximated
by knowing its ascent rate and the average wind speed over the layer from sur-
face to 56,000 feet. Thus, the distance is approximately 55 miles. Average
wind directions over this layer for Laverton and Wagga were 215@ and 2250
respectively. The aircraft's heading from takeoff to the leveling out point,
90 miles northeast of Laverton, was 300; only 50 away from the direction the
balloon was traveling. Hence, it can be concluded that the flight measure-
ments and Laverton's radiosonde data were sampled along paths in close
approximation with each other.

Accuracy of Wind Data
Three principal techniques are used to measure winds at the HICAT flight alti-
tudes. The most commonly used technique is referred to as RAWIN. The RAWIN
system consists of a radar giving azimuth and elevation angle of a conven-
tional, balloon-borne radiosonde. When GMD-2 radar or equivalent is available,
tAP slant range distance is also obtained. The other two principal systems
ccnsist of higher precision radar and either a Rose balloon or a Jimsphere
balloon. These balloons are fixed diameter, super-pressure balloons that are
especially designed to follow the wind more nearly than the conventional
balloons. The Rose balloon is a smooth sphere, and the Jimsphere balloon has
irregularly space protuberances upon a 2-meter diameter sphere.

None of these systems directly indicates the wind at a given altitude. The
wind velocity is computed using the horizontal positions at two distinct times.
During this time interval the balloon has risen through a finite altitude
interval. Hence, the computed wind for the midpoint of the altitude interval
is based upon the horizontal distances of two points at different altitudes.
The difference between the true wind and the computed wind is a function of
the accuracy to which the time interval and the positions of the two points
are known compared to the magnitude of the altitude interval. F'or the present
purpose it is not necessary to discuss the relative merits of the Rose and the
Jimsphere balloons. It is sufficient to state that djtr.lled 3tudies and
experiments with the Rose and Jimsphere balloons and their radar tracking
systems have definitely established that there are many features of the wind
that are not detectable by the widely used RAWIN system. In tsse BAWIN system
the points used to compute the wind are approximately 600 meters different in
altitude. In the Rose and Jimsphere systems the difference in altitude is
approximately 50 meters. Also, the higher precision radar used in the Rose
and Jimsphere systems determines the balloon positions more accurately, by

130

Il

4" , i -,*.'

41 4,



Section VI

60

55 010t6 z _ ____ ____ ___

X •HICAT TEST 102 JULY 2B. 1%6
LAVERTON, AUSTRALIA

50-

u-.45-

z I

0, RADIOSONDE STATIONS

-II
I20O (JUL 27 ,19.6,6)I

U.S. STANDARD ATMOSPERE 1962

25

F0 -- -25
JAlMENT TEMPERLATURE - *C

F.gure 68 Comparison of HTCAT Temperature Data with Radiosonde Data

appruximately an order of magnitude. The resLults obtained by the Jimcphere
and the Rose balloon systems indicate wind profiles significantly different
from the profiles obtained by the MAWIN system. For exanpLe, the Jimsphere
system gives the winds at 25-meter intervals of altitude and these profiles
show many fluctuations of the wind with a.ltitude that the RAWIN system does
not distinguish.

Unfortunately, the Rose and Jimsphere wind sensor systems are relatively new;
they are used at only a few selected locations and for special purposes while
the older RAWIN system is the only system used routinely and extensively.
Further limitations are placed upon the practical use of the wind data by the
methods used to transmit and store the RAWIN data. The winds are reported
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for significant pressure surface altitudes (e.g., 70 mb surface level) and
for 5000-foot altitude intervals above 20,000 feet. Directions are reported
only to the nearest l10. These widely spaced altitudes combined with the
inaccuracy of the wind determination for any given altitude make it impossible
to compute small scale vertical wind shears.

For these reasons the wind observations available to the aviation meteorolo-
gist lack the resolution desired for accurate calculation of wind shears at
the HICAT levels and are considered inadequate for use in the prediction of
high altitude clear air turbulence.

ANALYSES
Prior to the beginning of HICAT operations on 16 November, 1967, from Edwards

Air Force Base, California, a number of meteorological analysis techniques
hadbeen tested with varyi.ng degrees of success. Analyses of tropopause

* slopes, horizontal and vertical wind shear, Richardson numbers, isobaric sur-
faces, pressure height changes, and thickness patterns did not provide any
outstanding indications that these parameters could be developed into objec-

* tive forecast techniques. It should be recalled that any forecast technique
developed i.ast be based on the use of routinely available teletype and
facsimile data.

A discussion of the problems and results of various analyses during the
extended phase of the HICAT program follows.

Temperature Gradients

Horizontal Gradients - That a relation exists between horizontal temperature
gradients and clear air turbulence in the troposphere has been recognized for
some time. Kadlec (Reference 25) in his analysis of 963 airline flights wrote,
"a refinement in the theory that atmospheric temperature changes may indicate
clear air turbulence indicates that a rate of temperature change of 1C per
minute with a total change of 2*C is the most effective combination for
detecting impending significant turbulence."

The flights studied by Kadlec were generally at altitudes below 40,000 feet,
so it was not established whether his hypothesis would apply to the lower
stratosphere. It is significint that Corwin (Reference 26) observed a hori-
zontal temperature gradient of 5°C/120 nm to be associated with CAT in the
tropospheric range of 15,000 to 40,000 feet.

Vertical Gradients - '7-e association between CAT and large vertical tempera-
ture gradients has also been recognized for some time. S. M. Serebreiy
(Reference 27) stated In 1954, "Turbulence is a result of an abrupt increase
or decrease of wind vulocity in the thermal gradient. The stronger the verti-
cal shear the more stable -,he lapse rate." This comment concerned turbulence
observed in the troposphere but was considered probably applicable to
turbulent conditions in the HICAT range.

132

_______10t_



Section VI

Frederick B. Haymond, CWO, USAF (Reference 22) in evaluating 953 forecasts for
100 U-2 flights out of Davis-Monthan Air Force Base, Arizona, observed that
excellent forecast verification was achieved by predicting stratospheric CAT
to occur in areas and near levels of large inversions as follows:

<1.50C/1000 ft No CAT • !

1.50 to 2.5°C/I00 ft Light CAT

2.50 to 4.0°c/1000 ft Moderate CAT

>40C/1000 ft Severe CAT

D. T. Prophet (Reference 28) has postulated that these vertical temperature
gradients are manifestations of the character of the turbulence producing
wave. He has calculated wave dimensionL; and the approximate rms vertical
accelerations that an aircraft might experience in the area of a vertical
sounding.

Temperature Gradients in HICAT Tests - From the foregoing it appeared that
horizontal and vertical temperature gradients would be useful indicators of
high altitude clear air turbulence. The unknow factor, of course, was
whether the relation between horizontal and vertical temperature gradients and
CAT in the stratosphere would be similar to the relatiorn between horizontal
and vertical temperature gradients and CAT in the troposphere. Ultimately It
was determined that when correlation between space and time24 and observed
CAT was good, temperature gradients were considered to be better indicators|
of turbulence in the 50,000 to 70,000 foot range than any other routinely
available meteorological data. In this context the temperature g 'adients
include large lapse rates as well as large inversion rates obtained from
RAOB reports.

A suggested relation between temperature gradients and CAT is indicated in
Table III. This relation is based on studies of high altitude CAT histories
of measured turbulence encounters between 45,000 and 70,000 feet and the
associated meteorological analyses. The section on HICAT Forecast Procedures
refers to specific examples.

TABLE III TEMPERATURE GRADIENTS AND HIGH ALTITUDE CAT

Temp . . . Horizontal Vertical

TempGradent (*C/25 nm) (O0/1000 ft) Truec

Small <1.0 <1l-1/2 None to very light

Medium 1 to 2 1-1/2 to 2-1/2 Light to moderate

Large >2,0 >2-1/2 Moderate to severe
I -

24Space: altitude ±1000 feet and radius of 100 nautical miles of WEO

station, Time: 12 hours or less.
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The horizontal tempey.ture gradients referred to in- Table III are those
measured from analysis of the appropriate pressure 'surface. Accurate deter-
mination of the horizontal temperature gradient for an interval less than
the sp'tcin,3 lirtweer RI.B stations is a somewhat subjective procedure. This
facbor must be considered when using the table as a forecast guide.

Associated with the horizontal sand vertical temperature gradients are wave
patterns that appear in temperature analyses along the 70 mb surface. These
waves, as define( by horizontal temperature analvsis, are about 300 to
lOW0 nm long. As the wavelength decreases and the ratio of wave height to
wavelength increases, the foll owing relations between turbulence and wave
patterns have been oicrved:

* Large waves have been found to be associated with moderate or
greater CAT, medium waves v'.th light to moderate CAT, and small
waves with light or less CAT.

4 In ter-u of the ratio of wave height to half wavelength, large
waves have a ratio of approximately 4/3 or greater, medium waves
have a ratio of about 4/3 to 3/4, and small waves a ratio of about
3//4 or less.

An example of a medium wave and the determination of the ratio is shown in
Figutre 69. Examples Df medium to large waves appear in Figures 129, 146, and
152. Small wave examples appear in Volume II, Appendix VI, Tests 214, 217,
and 263. Waves tend to be large in areas of pronounced cyclonic curvature of
the maximum velocity wind flow. In areas of straight line or weak anticyclonic
wind flow, .waes tend to be small. Compare this with the large wave over the -

ABQ, DEN, A14A area in Figure 77.

Constant Pressurt Sarfaces

The mandatory reporting levels corresponding closely to the operating alti-
tudes for project HICAT were at 100 mb, 70 rob, and 50 mb. The 70 mb chart
waR adopted as being most representative of the level of interest. Analysis
of the constant pressure surface and horizontal temperature field, which are
uawslly overlayed on one chart, were drawn separately in order to reduce

"*1 personal bias. One particulaily notable feature apparent from the analysis
of the 70 mb constant pressure surfaces and associated winds was the manner
in which the observed winds seem to vary from the gradient winds. The wind
flow is often acroes the height contours (ageostropic) and when such is the
case the result is rising and subsiding air.

Examination of the 70 mb constant pressure surface charts (Figures 70 through
73) illustrate the short wave (300-800 mi) appearance of the 70 mb pressure
sn.irace as compared with the usually uniform long sine wave (1000 to 3000
miles) characteristic of the 500 mb, 300 mb or 200 nab surface. Note also
th t in comparing the 70 mb winds, for example, with the 70 mb constant
pressure surface (Figures 73 and 77), the winds vary cohsaierably from
Seostropic flow.
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Pressure Height Changes

Analyses of the change in height, in meters, of thL 70 mb constart pressure
surface were completed on approx.imately 40 tests. lt was thought thekt if
turbulence was in fact directly associated with verti-cal motion, ther. chIL'-es
in heights (Az) of the consisrt piessure surfa:e wc-.id he a good ir.dicator
of the possible existence of turbulent areas. No conclusions were re-ached
concerning this method for locating turbulence; however, it is bereaveO the.
procedure warrants further study.

Thickness Variation Between Constant hlessure Surfaces

One reason for thickness analysis is to de~ermie if thermal c'.hange is
occurring in a 1ayer. The thermal chang may be a trisult of advectton,2
radiation, or some other prooess. If thermal change is occuiring, there !
should be packing or spreading of the isotherms. Since certain horizontal

temperature gradients are known to be associated with CAT, it is logic"l to i

assume that thickness patterns my be an indicator .-,f turbulent areas. Thi•s
procedure was not tested durJng tbis phaws of pro-ject KICAT beC&u,' "Of
manpower considerations but is considerei a teuhnique wothy of fur-ther
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Isentropic Surfaces

Isentropie surfaces (surfaces of constant potential temperature in respect
to time and space) were analyzed for a numiber of special case~s.

In their paper, "The Nature of Clear Air Turbulence," Reiter and Hayman
(Referencre 29) stated, "It became evident, however, that all cases of
moderate and. severe CAT were located in, or very close to, the axis of a
downward drop in the isentropic surfaces - the isentropic trough." These
were observations of turbulence located in the troposphere. It seemed
logical to assume, however, that the processes involved would apply to tur-
bulence in the HICAT range, and. analyses were completed in order to corre-
late with observed turbulence (Appendix IG, Tests 2021, 204, 218, 220, 264,
265, and 266).

Figure 74 is an isentropic cross section through Yucca Flat, NevadaWineiow,
Arizona, and Albuquerque., New Mexico at OOOOZ, 2 Decem~ber 1967.

The Baroclinic zone2 5 i.s quite pronounced over Albuquerquiaý, New Mexico. As
stated above by Reitrer and Hayman, the turbulence was encountered near the
axis of an isentropic trough. It ihould be noted, however, that the turbu-
lence has decreased to very light at 57,500 feet which was at the low point

25~estate of stratification in a fluid in which surfaces of constant
pressure (isobaric) Intersect surfaces of constant density (isosteric).
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in the isentropic trough. The severe CAT was observed to be at about 54,000
feet which was Plightly below the level of the inversion. Although the
t orbUlence was in fact along the axis of the isentropic trough, the severeturbulence was in an isentropic hump. It is perhaps more significant that

the turbulence occurre,. near the vertical axis of a zone in which there was
coniderable packing and spreading of the isentropes.

Cloud Ebot~r~

In order to obtain information concerning cloud structure over which turbu-
lence was sampled, U-2 pilots sometimes took pictures with a hand-held 35 mm
camera.

Approximately 1000 color shots were made during the period of this report.Al1though the pictures cannot be included as a part of this report, one

interesting example is shown in Figure 75. Below the photograph is a diagram
of the burricane cloud formation. The unshaded area represents approximately
the a.iea shown in the photo. This picture was taken as the pilot was flying
iii the Southwest quadrant of hurricane Doria which at that time was about
300 nautical miles east of Norfolk, Virginia, end near 37*N, 71rW.

Terrain

Table IV provides d comparison of observed CAT intensity over three categories
of terrain for all HICAT test runs. The percent of the total flight time over
each terrain category is shown in parenthesis. Turbulence runs were classified
light, moderate, or severe and then assigned to the appropriate terrain
classification. The percentage of each intensity in a given category and the
percentage of run- per category are also presented.

TABLE IV CAT INTENSITY VERSUS TERRAIN

Total Flt Terrain Category
Time

Water Flat Lands Mountains All
,Ca(eor% (

Relief Diff Relief Diff Categories j
:A < <2 ,00f t> 2500 ftCAT

Intensity No. of Runs No. of Runs No. of Runs No. of Runs

Litgbt 40 80% 118 67% 101 49 259 60% .
Moderate 10 20% 55 31% 79 38% 144 33%

Severe 0 0% 3 2% 27 13% 30 7%

Total 50 i1% 176 41% 207 48% 433 100% 1
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The distribution of the turbulence by severity indicates the more intense
CAT is associated with an increase in relief diffE.ence. There is some
evidence of an increase in the qmount of turbulence encountered over mountains
and flat lands as opposed to water. This appears to be true because roughly
equal time was flown over each category and yet r. much smaller number of
encounters cf turb',,lence occurred over water.

FORECAST EVALUATION
Verification cf weather forecasts has been a controversial subject for more

than sixty years and has affected nearly the entire field of meteorology.
Brier and Allen (Reference 30) have given a comprehensive review of the
methods as well as the problems of forecast verification. Some of the
methods reviewed by them have been applied to the forecasts made by the
HICAT meteorologist.

Before any satisfactory verification scheme is adopted it is necessary to
determine the primary purpose to be served by the verification and the fore-
casts. The observations must be given in explicit terms; either categorical
or numerical terms must be used. In this report, the verification data
presented will be used as a basis from which to compare future work. The
expression of the forecast and tho observations in explicit terms Is not a
simple matter although it may appear so. Thf terms very light turbulence,
light turbulence, moderate turbulerce, and st•vere turbulence were used
throughout this progr&m. These subjective terms can be given objective
interpretation as described in Data Editing, Section V.

In the following paragraphs, the intenrity classification of turbulence runs
given by the editor of the c .2llograph records were used. It is important
to note, however, that in many instances the pilot eports differed signifi-
cantly in both the d,-gree and location of the turbulence. Most of these
differences arise from subjective reactions of the pilot in registering the
CAT while some are lue to the subjective evaluation of the editor in select-
ing and categorizing CAT samples. Samples which were very light or very
short were normally ignored, as dcscribed in Section V. A few samples went
"unedited if they coincided with instrument malfunctions or large amplitude
aircraft maneuvers.

To satisfy the requirement of objectivity with respect to the forecasts, it is
also necessary to set specific limits on the time, location, and altitude in
addition to the degree of turbulence. For the first forecast verifiration the
limits were that portion of the entire flight above 45,000 ft. Table V is a
contingency table for 89 HICAT search flights in the Extended program.

From this table it is seen (on the diagonal) that 46 (52%) of the forecasts
were correct and 80 (90%) were within one intensity category of being correct.
Table VI indicates the percent of time each observed category was correctly
forecast.
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TABLE V CONTINGENCY TABLE FOR HICAT FORECASTS
BY FLIGHT FOR ALL FLIGHTS FORECAST

CAT CAT Intensity Forecast
IntensitySOb sierved
(Edited) None Very Light Light Moderate Severe* Total

None 4 0 5 2 0 11

Very light 1 7. 16 2 0 26

Light 0 3 17 3 0 23

Moderate 0 0 8 18 0 26

Severe 0 0 0 3 0 3

Total 5 10 46 27 0 89

*A special problem arises with forecasts of regions of severe turbulence
because the Air Force prohibits flights to such regions. Consequently,
some slight downward bias in forecast intensity level is introduced.

Another commonly used measure of forecast skill is the skill score defined by

R-E
S :

T-E

where

R is the number of correct forecasts

T is tLe total number of forecasts

E is the expected value based on some standard such as chance,
persistence, or climatology,

TABLE VI PERCET OF TINi OBSERVED CAT INTENSITY
CATEGORY WAS CORRECTLY FORECAST

CAT Intensity Forecast

None Very Light Light Moderate Severe

Percent correct 80 27 74 69 0
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When E is based on chance, it is defined by

Rici

wher-

Ri is the total of the ith row of a contingency table

C. is the total of the ith column of a contingency table

Under such a verification system, perfect forecasts give a score of 1.0, and
for forecasts no better than chance the score is 0.0. For the forecasts in
Table V the skill score is .35. The computation of the pure chance score
frcm the values given in Table V makes no allowance for skill in designating
the flight path.

From Table V, if a weight 0 is assigned to a correct forecast, weight 1 to a
forecast one category off, weight 2 to a forecast two categories off, etc.,
the standard deviation will be one category.

The contingency table for HICAT forecasts by legs for 30 flights is shown in
Table VII. A leg is defined as the flight route between primary navigational
check points. The legs averaged about 300 miles. An example of the HICAT
forecast and verifi--ati6n form used is shown in Figure 76 for Test 256. From
this table it is seen that 41 (44%) of the forecasts were correct and 62 (67%)
were within one category. The skill score is 0.23.'i An analysis of the forecasts by altitude and by legs gave the following
remslts: of those forecasts thatwere correct by category, 28 specified the
observed altitude within ±1000 feet, 2 specified the observed altitude within
±2500 feet, and 3 specified the observed altitude within ±5000 feet.

TABLE VII CONTINGENCY TABLE FOR HICAT FORECAST
BY LEGS FOR 30 FLIGHTS

Observed ICAT Intensity Forecast
Turbulence ...None Very Light Light Moderate Severe Total

None 19 6 25 0 0 50

Very Light 1 1 5 0 0 7

Light 3 0 16 1 0 20

Moderate 0 0 7 5 0 12

Severe 0 0 2 2 0 4

Total 23 7 55 8 0 93
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Section VI

mICAT FORECAST VERFICA7ION FORM

:=2AT6 Date: 1/6 AtIV Pilot: A••rVAWJdO . nW 1'm.P IIVRRP

"07! /#A2Oi LAT: j.'.5"f
PFIshqt Rout, by lAg

TO

Feet:

dll

Ve... - I
post: L I
Ver:

Feet: o L

Ver:
post: L_ I I-

Ver:

VL: * .O5-.llg U: .1 -.. 25g Mod: .23 i tS S "r: 6 .- YS Exti '.75K

Figure 76 HICAT Forecast and Verification Form

A different evaluation by flights shows that for 89 flights:

CAT forecast CAT observed Observed/forecast

84 Flights 77 Flights 82%

For five flights out of 89, the forecast was for no CAT. Four flights
observed no CAT, one flight observed light CAT. Evaluation of 93 forecasts
for flight route legs shows that CAT was forecast 70 times and observed
43 times for a score of 62%.

Thus, while comparisons among these scores are interesting and indicate by
their variability the difficulties of scoring forecast verifications, the
actual scores themselves are not statistically significant. They do not
differentiate factors associated with location, season, meteorological situa-
tion, or the forecasger's learning curve. However, some of the forecast
verification scores2 may have some value for future comparisons.

26 Most notably those for the "30 flights" at Edwards AFB where only one
forecasting method was used.
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Section VI

HICAT FORECA6T PROCEDURE

From experience gained through the use of analysis and forecast procedures
described and discussed previously, a method is presented for the prediction
of CAT in the lower stratosphere which is considered objective enough in
scope to be an effective forecast tool. The method works best with current
meteorological data. Data more than twelve hours old should not be used.

The proce&xre is as follows:

STEP I: SELECT LEVEL OF INTEREST AND ANALYZE THE MOST APPROPRIATE MANDATORY
LEVELS FOR HORIZONTAL ISOTHERMS AND WIND FLOW

To select the proper level to be analyzed, determine the altitude to be flown
and analyze the mandatory reporting surface nearest the level of interest.
For example, if the altitude to be flown is 63,500 feet, or close to that
altitnde, the 70 mb chart would be most appropriate, and one level would
probably suffice. If the altitude to be flown is 57,000 feet, it would be
desirable to analyze the 100 mb and 70 mb levels.

The upper level analyses must then be inspected for well defined thermal
troughs and ridges. In the 3tratosphere, a thermal trough is said to exist
where the warm air (isotherms) dips southward, and a thermal ridge is said
to exist where the cold air (isotherms) projects northward. Utilize Table III
and the subsequent horizontal isothermal wave analysis as a CAT forecast guide.

Figure 77 is a good example of a thermal pattern that was associated with
severe turbulence. Note that the thermal pattern defines a wave with a ratio
of height to half wavelengtl' of 330 nm/240 =m of 1.37. This is considtired
a large wave. Waves of this elimension are associated with turbulent condi-
tions and one can assume turbulence will be abundant in the regions where
they are located. Also, note the 100C horizontal temperature gradient between
Albuquerque (ABQ) and El Paso (ELP).

An example of the type of horizontal thermal pattern where turbulence will be
light or nonexistent is shown in Figure 78. The isotherms are widely spaced
(20 C/600 nm) and are near zonal (i.e., eist-wesit.) in the area that was
sampled. No turbulence was encountered (i.e., in agreement with the hori-
zontal criteria of Table III).

STEP II: PLOT ALL RAOBS ADJACENT TO FLIGHT ROUTE TO INCLUE DATA 10,000 FEET
ABOVE AND BELOW THE FLIGHT ALTITUDE

Inspect the RAOBS for vertical temperature gradients, utilizing Table III as
a forecast guide. Note that in the P2OB analyses presented in tests 182
through 285 (Appendix IG and VI), observations for the 150 - 50 mb layers
were plotted. The range was from 45,000 to 67,500 feet, which adequately
covered the altitudes of interest in Project HICAT.

An example of a large vertical temperature gradient is that shown for AB in
Figure 79. For the layer 51,500 to 56,500 feet, a vertical gradient of30C/lO00 feet was observed. Severe turbulence was present in this layer.

14.5
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Figure 79 RAOB Charts - Test 266

An example of a small vertical temperatare Tradient !s that showv for Caribou
in Figure 80. The gradient ic 0.170 C/1000 feet. No CAT was found in this
case.

An important point in this procedure is the oroper selection of the layer to
be considered. To illustrate, consider the souaidings for Dodge City (MC)
and Oklahoma City (OKC) in Figure 81. To examine the vertical temperature
gradient for DDC, the level selected should ba from 61 mb to 50 mb, For OKC
it would be desirable to inspect the entire souiding from 150 mb to % tob.

STEP III: FORECASTING CHANGES IN T• RUINT CODITIONS

Some general observations concerning the prediction of movement and changes
in intensity of turbulence in the 45,000 - 70,000 feet range are ae follows:

(a) Turbulent conditions usually move at the speed of majo- systems
apparent at the 500-200 mb levels (mc ntain waves excepted).

(b) HICAT tests indicate that turbulence io abundant above rej.ons
of pronounced cyclonic curvature of a itrorg jetstream and asover
near the speed of the axis of the jetatream trof. 27

27 This type of turbulence w.uld probably continue it one location as long as
an sctive trough remaied .n the area.
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Section VI

(c) TurbulenceŽ is usually light or nonexistent in areas wbere the

general circulation (wind flow) is near straight line or slightly

anti-cyclonic (mountain waves excepted).

(d) Turbulence may be expected to increase over areas-of active

squall line development.

(e) Turbulence (based on radiosonde and aircraft observations) has

been observed to last from a few minutes to over 72 hours at

'one location.

The procedure described above can be used by any forecaster having access to

first and second transmissions of rawinsonde or radiosonde data and is a
relatively rapid practical procedure for routine use.

RECAPITUMATION

In reviewing the various types of analyses and forecast procedures that have

bcan used in connection with the meteorological support of the HICAT program,

the following aspects appear to be most significant:

0 Detailed analyses of the ten special HICAT tests show convincingly
that certain features apparent from isentropic analyses are
related to the occurrence of CAT. For example, in all cases

where isentropic analysis was accomplished and significant j

turbulence was encountered near in time and space to the analysis
area, the turbulence was found to occur along the vertical axis

of a pronounced baroclinic zone. In areas if little baroclinicity
or small slopes in the isentropic surfaces, turbulence was very
light or absent.

S The ageostropic concept, or that of wind flowing across the height
contours, is not conclusively substantiated in this report. How-
eve-,, comparing the 70 mb pressure analyses in Figures 70, 71, 72,
and 73 with the corresponding wind analysis in Figures 105, 140,

146, and 152, one can see evidence that strongly supports the idea

of ageostropic flow. In these cases turbulence could be attributed
to vertical motion created by flow across the pressure height
contours.

0 The relationship between CAT and the horizontal and vertical
temperature gradients and horizontal isothermal wave patterns

appears to be substantiated by the HICAT data. The horizontal
and vertical gradients found to be associated with high altitude

found to be associated with CAT at lower altitudes, L~e.,, in the i
upper troposphere.

li49



Section VII

SECTICN VII

CONCLUSIONS

The HICAT measurements were obtained in U-2 test flights covering approximately
412,000 statute miles in twelve geographical areas 2 8 . The following conclusions
are based upon an analysis of the clear air turbulence measured in these flights
in the altitude band from 45,000 to 70,000 feet:

1. A comparison of the turbulence measured in the IFICAT program with that
mieasured byVGHrecorders in U-2 operational flights (Reference 8) on the basis
of frequency of exceedance of derived equivalent gust velocity indicates the
following:

* In both programs, the turbulence in the 60,000 to 70,000 foot altitude
band was less s~vere than in the 50,000 ;o 60,000 foot band.

* In both altitude bands, the intensities encountered in the HICAT
program were significantly more severe than reflected in the opera-
tional dataand yet the maximum Ude was 12 percent below the value
ordinarily specified for structural design.

2. The HICAT gust velocity power spectral densities are characterized, on the
* average, by slopes on the log-log plots of -1.44 to -1.71 for the vertical and

longitudi-nal components of turbulence. On the same basis the lateral compo-
nent was found to have slopes of -1.60 to -1.8729. Where comparable data are
available, the longitudinal slopes are about the same as reported previously
for the Redirected HICAT program in Reference 5. However, the vertical and
lateral slopes range about 7 percent steeper than those of Reference 5, possibly
because of the increased gust intensity of the newer data.

3. The HICAT gust velocity power spectral density curves, on the average,
remain straight or nearly straight on the log-log plots to wavelenths approach-
ing 10,000 feet. The corresponding average scale of turbulence, defined as the
constant L in the Von Karman equation or simi.lar equations, is at least 2000 feet.

4. The turbulence encountered in the HICAT flights appeared to be distinctly
nonstationary, i.e., the statistical properties of the gust velocity time
series data were found to vary significantly within the turbulence samples. As
a result at least in part of this lack of stationarity, the ratio of peak air-
plane acceleration to rms acceleration measured during a CAT traverse was foimd to
to range from 1.16 to 2.58 times tie ratio predicted by theory (Rice's equation)
for a stationary Gaussian time history.

Includes both the Extended and the Reairected programs.

29The higher range of valuiea ;.n this corponent is attributed to instrument ncise.
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Section VII

5. A comparison of the gust velocity component power spectral densities indicates
all three components to be about equal in severity at the highest measured
frequencies (roughly 0.007 cycles per foot); it shows the lateral components
however, to become somewhat more severe at the lower frequencies. RMS gust
velocities obtained by integrating the power spectral densities over the fre-
quency range from 0.0005 to 0.007 cycles per foot (2000 ft to 100 ft wave-.
lengths) indicate that the lateral component is more severe than the
longitudinal by 10 percent and more severe than the vertical by 20 percent.
At the longer wavelengths, there is some indication that these percentages
increase. However, in view of the somewhat lower quality of the lateral gust
velocity measurements, the observed percentage differences amongst the three com-
ponents are not considered large enough to justify a conclusion that high altitudeclear air turbulence, on the average, is anisotropic.

6. Pilot elevator control motions were found to augnent the effects of the turbu-
lence, i.e., to produce higher cg accelerations and thus higher Ude values.
In four turbulence runs where elevator motion was extensive, the highest Ude
peaks were increased by factors of 3 to 4 in one run and by factors of 1.25
to 2.00 in the others. However, the effect in the HICAT data on the average
is judged to be considerably less than the lowest factor above.

7. Values of A (ratio of rms cg normal acceleration to rms gust velocity) used
for obtaining probability distributions of rms gust velocity from operational
VGH data are about 25 percent higher for the U-2, when based on measured
frequency-response functions determined by the cross spectrum method, than
when obtained by the simple theory ordinarily used for .his purpose. As a
result, the rms gust velocity distributions obtained using the simple theory
are about 25 percent more severe than would be obtained using the measured
frequency-response functions determined by the cross spectrum method. The No
value for the U-2 is about 0.85 cps. A considerably greater effect on A and
a smaller value of No are found when the spectrum method is used. These
results are applicable when the rms gust velocity is related to the rms cg
acceleration by means of a Von Karman spectral shape with L = 2500 feet.

8. Use of a high-pass numerical filter that passed without attenuation all wave-
lengths shorter than 7000 feet, and virtually eliminated all wavelengths longer
than 17,000 feet, was found to reduce the highest gust velocities by from 7 to
23 percent as determined from the peak counts of absolute gust velocities.

9. From a meteorological standpoint the following conclusions are significant:

0 In the HICAT altitude range above the tropopause, observed CAT inten-
sity was found to vary in proportion to the magnitude of the horizontal
and vertical temperature gradients.

0 Isotherms along the 70 mb constant pressure surface were found to dis-
play wave-like patterns. The wave steepness, as defined by horizontal
temperature analysis, was found to be proportional to CAT intensity.

0 In the HtCAT altitude range 3f the lower stratosphere, and above regions
of pronounced cyclonic curvature of the maximum winds in the tropo-
sphere, waves as indicated by isotherms along a constant pretssure sur-
face tend to be steep and therefore are associated with CAT of moderate
to severe intensity.
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Section VII

* In the HICAT altitude range of the lower stratosphere and above
regions of straight or slightly anti-cyclonic light winds in the
upper troposphere, waves as indicated by isotherms along a constant
pressure surface, tend to be shallow and therefore are associated
with CAT of light or less intensity.

0 Turbulence in HIEAT range of the lower stratosphere is frequently
encountered above the region of the major tropospheric trough and
moves near the speed of the axis of the trough (mountain waves
excepted).

The foregoing factors were used to develop a practical proc.•cdu.re
for forecasting CAT in the lower stratosphere. The procedure was
substantiated with HICAT aircraft test measurements.

ti5
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Appendix I

APPENDIX I

DETAILED ANALYSIS

This appendix contains certain details of the analysis and results
required to substantiate the discussion of Sections V and VI. It consists
of the following subsections:

A. HICAT TEST SUMMARY TABLE (Page 156)

B. METHOD OF REMOVIN EFFECT OF ELEVATOR MOTION FROM Ude TIME
HISTORIES (Page 177)

C. FREQUENCY RESPONSE FUNCTIONS AND IERIVED CG ACCELERATION SPECTRA
(Page 184)

D. SELECTION OF FILTER CHARACTERISTICS FOR HIGH PASS FILTERIN OF

ABSOLUTE GUST VELOCITY (Page 188)
E. MATHEMATICALLY IEFINED GUST VELOCITY POWER SPECTRAL IENSITY

CURVES (Page 205)

F. NORMALIZED GUST VELOCITY SPECTRA (Page 218)

G. IETAILED METEOROLOGICAL ANALYSIS OF TEN HICAT TESTS (Page 221)
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Appendix IA

A. HICAT TEST SUMMARY TABLE

This appendix consists of the HICAT Test Summary Table. Most of the entries
are self-explanatory; however, some amplification is presented in the follow-
ing paragraphs.

An 'f' under the test number indicates a ferry flight respectively. The sym-
bols following the run numbers 3 0 , L (level), T (turn), C (climb), and D (descent)
are indicative of the aircraft flight path during the turbulence penetration.
X and Y distances from the base are obtained from the inertial platform.
Average altitude is obtained when possible from the high-altitude pressure
sensor and has been corrected for position error. The aircraft heading angle

* is obtained from the inertial platform and can differ from the ground track
angle depending upon atmospheric winds. The heading angle is measured from
true north to the direction the aircraft is pointed. The average wind direc-
tion, following meteorological convention, is measured from true north to the
direction from which the wind is blowing.

* .The intensity of the turbulence in each run is indicated in several ways. It
is classified subjectively in accordance with the oscillogram editing notes as
VL (very light), L (light), etc. It is described by the maximum and minimum
incremental cg acceleration, the maximum and minimum derived equivalent gust
velocity, the roct mean square (rms) cg acceleration, and rms derived equiva-

* •lent gust vel6city. In addition, where true gust velocity components were
computed, the CAT intensity is also indicated by truncated spectral rms values
at 2000-foot wavelerpth and at the maximum standard wavelength, i.e., one of
the following: 4000, 10,000, 20,000 or 40,000 feet. For some runs a consider-
a'le reduction in statistical reliability was accepted in order to obtain rms
data up to the 40,000-foot wavelength. These cases are indicated by an aster-
isk. Also shown for some cases are the rms deviations obtained directly from
the gust velocity component time histories.

Gaps in the table occur when the cg acceleration or Ude peak count data indi-
cate the turbulence was of insufficient intensity or duration to warrant further
processing to determine gust velocity time histories and power spectra. Gaps
also result from instrument or equipment malfunctions

3 0Test 280-7 is not a separate run as indicated; it is actually the result of
combining two shorter adjacent runs (i.e., runs 5 and 6) to obtain better
resolution of long waves.
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Appendix IB

B. METHOD OF REMOVING EFFECT OF ELEVATOR FROM Ude TIME HISTORIES

The method used to remove the effect of elevator motion from the cg normal
acceleration time histories was obtained from References 10 and 11.

In order to use the method, flight test data was required. This was obtained
from several elevator pulse maneuvers in which measurements of elevator
motion and the resulting cg normal acceleration were made. The flight condi-
tion for the pulses was based upon an approximate average of all the runs
listed in Appendix I of Reference 5, i.e., altitude of 55,000 feet, Mach num-
ber of 0.70, and equivalent airspeed of 139 knots. In addition to the eleva-
tor pulses, roller codster maneuvers were also performed. All maneuvers
were performed in smooth air.

Two elevator pulses were chosen for this analysis. The time histories of
adjusted elevator position and incremental cg normal acceleration for these
pulses are shown in Figures 82 through 85. One set of time histories is for
a positive elevator pulse and the other for a negative elevator pulse.

The first step in determining the time response of cg normal acceleration
due to a unit elevator impulse is to evaluate the Fourier transforms of each
of the elevator pulses and responses. This is accomplished by using the
numerical procedure and tables presented in References 10 and 11. A require-
ment for using this method is that both the initial value (at zero time) and
the steady state value, after the pulse and response have decayed, be zero.
The time histories as measured are shown as dotted lines.

It can be seen that the steady state value of elevator positibn and cg normal
acceleration are not at zero for any of the four time histories. This
required that an increment of elevator angle or cg normal acceleration be
added to each of the curves so that a final value of zero would be achieved.
These increments are shown as dashed lines. This was done in a manner which
is believed not to have a significant effect on the final results. For each
set of time hi.t.ries, the increment that was added maintains a constant
ratio of cg normal c.cceleration to elevator angle at each instant of time.
The increments were added gradually over a relatively long period of time to
avoid introducing any bias at the higher frequencies. The time histories as
used in this analysis are shown as solid lines.

The computation of the Fourier transforms requires the time histories to be

approximated by a zeries of steps of uniform width. The amplitude of each
step is then used in the computation in conjunction with the appropriate set
of tables in References 10 and 11. The accuracy of the computation is a
function of the number of steps used and also the number of frequencies at
which the computation is performed. The steps which were used to approxi-
mate the time histories are superimposed on the time histories in Figures 82
tirough 8..

From the Fourier transforms, the amplitude ratio and corresponding phasI!
angle of the frequency-response function of the dynamic system is calculated
for each run. The amplitude ratio is obtained by dividing the amplitude of
the output (cg normal acceleration) oy the amplitude of the input (elevator
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position) at each of the frequencies for which values of the Fourier transform
were calculated. The phase angle of the frequency response is obtained by
subtracting the elevator position phase angle from the cg normal acceleration
phase angle at each of the frequencies for which values of the Fourier trans-
form were calculated.

It is now possible to obtain the time history of cg normal acceleration due
to a unit elevator impulse. This is done in a manner very similar to that
above where the Fourier transforms were calculated. The real part of the
frequency-response functions is calculated. Then these are approximated by
steps in a manner similar to that used to approximate the time histories.
The method and tables of References 10 and 11 are then used to compute the time
responses. The calculated time responses of cg normal acceleration due to a
unit elevator impulse are shown as solid curves in Figure 86.

It can be seen that the two time responses are in only fair agreement with
each other. This discrepancy could be caused by the adjustments made
initially to the time histories or to lack of reso]ution in the elevator
position instrumentation. Also, if the time histories and the real parts of
the frequency-response functions had been approximated by a larger number of
narrower steps, unit-impulse response time histories might have been in
somewhat better agreement.

For the purpose of removing the effect of elevator motion from the eg normal
acceleration time histories, a single time response function is desired.
Therefore, an average of the two time histories was computed for use in this
analysis. This is shown as a dashed :ve in Figure 86.

To obtain a better physical picture of how the airplane responds to an
elevator input, the average unit-irdpulse response shown in Figure 86 was con-
verted to the unit step, or "indicialT , response shown in Figure 87.

To check the validity of the average unit-impulse response function, it was
applied to five roller coaster maneuvers, each of different frequency varying
from 0.05 to 0.625 cps. The roller coaster input and response data are pre-
sented in Figure 88. (For an explanation of the plot format see
Section V, Effect of Elevator Motion on Ude Data.) The time history at the
top of each figure is the derived equivalent gust velocity based on incre-
mental cg normal acceleration correction for elevator input. Since all the
roller coaster maneuvers were performed in smooth air, both of these quanti-
tico should be zero. Deviations reflect errors or inadequacies in the method.
Comparison of the corrected incremental cg normal acceleration with the cg
normal acceleration in the five roller coasters indicates that approxi-
materly 75 to 90 percent of the effect of elevator motion has been removed.
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Appendix IC

C. FREQUENCY RESPONSE FUNCTIONS AND DERIVED CG ACCELERATION SPECTRA

Frequency response functions and the cg acceleration spectra derived
therefrom, for five cases, are shown in Figure 89. Note that
for Test 266 Run 12 data are also shown for cg acceleration tire histories
from which the effect of elevator motion has been removed. Cg acceleration
spectra are shown based on two shapes of gust spectra - Von Karman,
L = 2500 ft, and Dryden, L = 1000 ft. These curves are discussed in more
detail in Section V.
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D. SELECTION OF FILTER CHARACTERISTICS FOR HIGH-PASS FILTERING OF ABSOLUTE
G5UST VELOCITY

Selection. Criteria

In selecting the characteristics of the high-pass filter to be used
preparatory to peak counting the HICAT absolute gusu velocities, the follow-
ing criteria are pertinent:

(1) The cutoff should be as sharp as practicable.

(2) The number of filter weights should be a minimum to avoid excessive
computer time and to minimize the additional record needed at the
beginning and end of each run.

(3) The filter should remove only those frequency components which may
contain signi2icant amounts of noise.

(4) The filter characteristics should, on the other hand, be equivalent
to those used in otter major turbulence investigation programs, as
far as practical, to permit direct comparison of the peak counts
of the filtered time histories.

Characteristics of the Martin-Graham Filter

The Martin-Graham form of digital filter, used for extensive low-pass filter-
ing of the HICAT basic measurements as described in Appendix II, was also
selected for high-pass filtering the absolute gust velocities. This filter
is characterized by the theoretical gain function shown in the following
sketch:

f= CUTOFF FREQUENCYc

f T-MINATION FREQUENCY

A r A f = ROLLOFF FREQUENCY BAND
r r

I 1.0

S ONE-MINUS-COSINE SHAPE

0 f f

0a t

FREQUENCY
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The accuracy with which the actual gain function matches the theoretical
depends upon the number of filter weights, Nw. To limit the error to
nominally 1%, the number of filter weights must be at least

4f
s + 1
r

where f. is the sample rate. For the HICAT time histories, f. = 12.5 cp.3,
so that

w Af
STr

The required additional length of run at each end is given by

(N 1) 1T(w - f

or, for the HICAT data,

o.o4(N - 1)

It is seen that the sharper the filter, as defined by a small value of afr,
the greater the required number of filter weights. Thus, to satisfy
criterion (1), above, tends to require many filter weights; whereas, criterion
(2) calls for the smallest possible number.

Family of Filters

In order to obtain the best compromise between the preceding criteria (1) and
(2), the filter gain function has been computed for the family of filters
listed in Table VIII. This family of filters covers a range of the two per-
tinent dimensionle&s parameters, fc/ft and Nw/Nw. Examination of the result-
ing gain functions provides a basis for selecting values of the dimensionless
parameters; consideration is then given later to choice of specific values of
ft and fc.
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TABLE VIII HIGH-PASS FILTERS INVESTIGATED

Case f ft /f N 1 N ________

a 0.0217 0.i00 0.217 639 •639 1.00
b 0.0217 0.100 0.217 383 639 0.60
c 0.0217 0.100 0.217 319 639 0.50
d 0.0217 O.tO0 0.217 255 639 0.40

e 0.030 0.100 0.300 715 715 1.00
f 0.030 0.100 0.300 429 715 0.60
g 0.030 0.100 0.300 357 715 0.50
h 0.030 0.100 0.300 287 715 O.40

i 040 0.100 0. 400 833 833 1.00
O. 040 0.100 0.400 501 833 0.60

k O.040 0.100 O .4o" 417 833 0.50
1 O.040 0.100 O.400 333 833 O.40

m 0.050 0.100 0.500 1001 1001 1.00
n 0.050 0.100 0.500 601 1001 0.60
0 0.050 0.100 0.500 501 001 0.50
p 0.050 0.100 0.500 4Ol 1001 o.4o

q 0.060 0.100 0.600 1251 1251 1.00
r O.060 0.100 .o600 751 1251 0.60
s 0.060 0.100 0.600 627 1251 0.50
t 0.060 0.100 0.600 501 1251 0.40

The resulting gain functions are shown in Figure q031. One of th(. ignificant
differences among the various cases is in the size of the ripples in the
vicinity of fc and ft; values of this ripple error are summarized in Fig-
ure 9 132. The errors indicated in this figure are the maximum departure (plus
or minus) of the gain function from unit above ft, and from zero below fc,
respectively.

Examination of either the gain functions themselves or the ripple errors
plotted in Figure 91 suggests that Nw can be taken considerably less than Xw
without excessive error. They also indicate that the maximum errors in the
vicinity of f and ft are not ejual and that their relation is very sensitive
to small variations in both Nw/Nw and fc/ft.

LO-LOCAT Filter

The one major turbulence-measurement program to date in which a given high-
pass filter has been used preparatory to peak counting is the LO-LOCAT program.

3 'The frcquency scale of the figures is shown in dimensional form, but can
easily be read on the dimensionless basis, f/ft, simply by dividing the
numbers shown by 10.

3 2 Values for f /ft - 0 were obtained from gain functions for filters not
included in the fami4y of Table VIII.
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i'igure 91 Effect of Cutoff Ratio (fc/ft) and Filter Weigh' Ratio (Nw/IN)
on Numerical Filter Ripple Errors

T•he LO-LOCAT filter is cnaracterized by values of fc and ft, respectively, of
0.010 and 0.046. The resulting value of fc/ft is 0..217. The number of filter
weights used is 141 and the sampling frequency is 2.0 cps; the resulting va'.ue
of N./Nw is 0.63.

It can be secn from Figures 90 and 91 that the LO-LOCAT filter provides a
particularly good fit to the theoretical filter gain function, at a minimnim
cost in number of filter weights. For example, Figure 91 indicates that, for
"a value of INw/Nw of 0.60, the actual errors are much less at fc/ft = 0.217
than at 0.300. At 'c/ft = 0.217, the improvement in going from Nw/NK = 0.50
to 0.60 is considerable; whereas, further increasing Nw/iw to 1.0o produces
no additional 'aiprov'ament.

196

Ip



Appendix ID

Selection of fc/ft and N,/-NF Values

For the HICAT prograr. a ruch sharper cutoff than provided by the !L-L0Q'T
filter appeared to be desirable at this point. Moreover a considerably
greater ripple error could be tolerated. In particular, it appeared that . !
fc/ft might be increased to 0.500 and N,/W, reduced to perhaps 0.40.

Before adopting particular filter values, however, it was considered desirable
to examine the filter characteristics on the basis of their effects on tle
power Epectral density (psd) of the filtered time history. Tae psd iL a
useful tool in the selection of the filter characteristics because of the
information it can provide about the effect of the filter on the frequency of
exceedance curves that will be obtained from the filtered time histories.

As indicated in the section, High-Pass Filtering of Absolute Gust Velocity
Time Historics, the fri,'quency of exceedance depends primarily upon the rms
(root-meaa-square) value of the time history, a-, and secondarily upon its
characteristic frequency, No. Both of these quantit.ies follow directly from
the power spectrum, a, as the square root of the area under the curve and No
as the -adius of gyration of this area about zero frcquency.

For the purpose of studying the effect of various filters on the power spec-
tral density of the filtered time history, the input, or unfiltered time
history, was considered to have a power spectral Oensity varying as the
-5/3 power of the frequency.

The four solid-line output curves show the effect of the theoretical filter
for values of fc/ft of 0.217, 0.300, 0.400, and 0.500, respectively. The
significant fact brought out by all of these curves is that the effective
fc' for all practical purposes, is appreciably higher than the ncminal, or
actual, fc. Considering, for examnple, th,- first curve, for which
fc/ft, = 0.217, it is seen that frequencies up to f/ft = 0.400, or even( 9higher, contribute negligibly to the area under the curve. For example, the
area under the curve up &o a frequency of even f/ft = 0.500 is onv about
2% of the total. The even smaller percentage effect of this increment in
area on the rms value, r, is evident from the relation

a 2  A + A _ &A
o = A 21

which gives the effect on the rms value of a small increment, AA, in the
area under the power spectral density curve. The reason for the very small
values of the out•,-t at frequencies substantially above f is that, in deter-
mining the output p4Yeer spectral density, the input is muitiplied by the
square of the filter gain function rather than the first power. This effect
overshadows the influence of the increasing input at the lower frequencies.
Thus it is seen that the need for a sharper filter than defined by
fc/ft = 0.217 (the LO-LOCAT filter) is much less pressing than would be
inferred from the gain function plots of Figure 90.
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Figure 92 Effect of Various High-Pass Filters on Output Power
Spectral Density

The various dash lines in Figure 92 indicate the effect of a finite number of
filter weights. The long-dash line shows the effect of Nf-Nw = 0.40 with
fc/ft = 0.500. The significant fact emphasized by this curve is the much
larger effect, on area under the curve, of the gain function ripple at ft
than the ripple at fe, even though the gain function ripple is somewhat
larger at fc than ft. (Figure 91). Because the output is equal to the input
mualtiplied by the square of the filter gain function, the 5% ripple in the
gain function just above ft leads to a 10% error in the power spectral density.
At fc, however, the square of the 6.7% error is extremely small (0.45%) so
that despite the much larger input at the lower frequency, the resulting
ripple in the output is negligible. On the basis of this curve, the ripple
associated with Nwliw - 0.40 at fc/ft - 0.20"s appears excessive. On the
other hand, the errors associated with Nw/N = 0.50 for either fc/ft = 0.400
or fc/ft = 0.300kin Figure 92 would be considered acceptable. For these
cases, the maximm error in the power spectrum at any frequency above ft is
6% for fc/ft - 0.400 and 4% for fc/ft = 0.300; -- effects on the rms value
and on the characteristic frequency are very small.
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On the basis of the foregoing discusstou, It appears desirable ta retair, for
at least one HICAT filter, the fc/ft and Nw/IN, values of the LO-OCAT filter.
The effective fc for this filter is close to .0.500, a value considered
acceptable, and the agreement of theoretical with actual filter gain functions
is excellent.

Selection of ft Values

To select logically a particular value of ft, it is necessary to express thefilter-characteristics in terms of spatial frequency (cycles per foot) instead

of a time-based frequency (cycles per second). To make this conveziton, the
true airspeed must be known. In order to relate the HICAT filter to the
LO-LOCAT filter, airspeeds for both programs are necessary. A sampling of
LO-LOCAT airspeeds is shown in Figure 93 and of HECAT airspeeds in Figure 94.
The l0-LOCAT cases are those for which the necessary data were available in
the monthly progress reports. The HICAT cases include all runs listed in
Appendix I of Reference 5 for which the necessary data were provided.

From Figure 93, the average L0-ICAT speed appears to be about 328 fps. How-
ever, the addition of more Griffiss Air Force Base points (only three were
available) would be expected to lower the average. Also, the L0-LOCAT filter
has been described as having a 7000 foot cutoff wavelength; this in conjunc-
tion with the ft value of 0.046 cps infers a speed of 322 fps. Therefore,
322 fps is taken as the characteristic speed of the LO-LOCAT runs. Fig-
ure 93 shows the vast majority of the runs to lie within ±10% of this
speed.

The effect of an error in selecting an average speed will result in an equal
percentage error in cutoff frequency. For a power spectral density function
that varies as the -5/3 power of frequency, it can be shown that the rms
value of the time history varies inversely as the 1/3 power of the cutoff
frequency. Thus even an error as great as 10% in the assumed or average
speed would have but a 3% effect on the rms value of the filtered time
history.

Based on the selected speed of 322 fps, the characteristic wavelengths of the
LO-LOCAT filter are:

•t V 322 fps
V -227000 ft

= = 006 cps = 032200 ftkc = "c =0,010 cps

199



Appendix ID

0M-ALTITUDE

2. .04 
g

2.o -0 a

3..

a5.000A WFI-

0.001 9.600A A b
106wo A A

-11.0W 0g

0.0016
0.0613.000 322 FPS TAKCEN AS A

-14,000 REPRESENTATIVE VALUE b
-15.000 4w

*10% FRO 2FPS j

0.6004 I

NOTE: TEST POINTS SHOWN ARE FROM ISEDWARDS AFB
BOEING REPORTS D3408-I0.-11,-M 14FS F
"LOW LEVEL CRITCAL All 1TUNUWECE IA PTERON FIELD

0.0012 -TECHNICAL PROGRESS - MONTHLY REOT" A CONNELLMAF

0 0 30 320 340 3MO 300

Vy.TWA AIRSPEED. FT/SEC

Figure 93 True Airspeed versus Air Density for LO-LOCAT TIest Data

soI

70 20 POINTS IN THIS REGION

NOTE: EST P~iITS HOWN M FRO

AMNIXI"POEC I0T A
I*SILAI~ OPH- ATTD

I,6 1 A- TIUENE TREI0 J NO S O~ U4

j~t,200verss At~ tde or HCATTestDat



Appendix ID

where

V = velocity

Xt = wavelength corresponding to termination frequency

Xc = wavelength corresponding to cutoff frequency.

From Figure 94 an appropriate average HICAT speed is seen to be about
415 knots, or 700 fps. Again, the vast majority of runs lies within ±10% of
this speed; and of the runs falling significantly outside this band (at the
low speed end), the majority occurred on a single flight.

Ideally, it would be desirable to establish for the HICAT program a high-pass
filter having given characteristics on a spatial frequency basis and to retain
these filter cbaracteristics for all runs. Inasmuch as the actual filtering
must be accomplished using data sampled at a constant interval in seconds
(rather than feet), a different filter would be required for each run, depend-
ing upon the airspeed. Actually, because of the rtclatively smalJl scatter of
the HICAT airspeeds, this complication it unnecessary. Therefore, the desired
filter will be defined first on a spatial frequency basis and converted to a
cps basis by using the average true airspeed of 700 fps. As pointed out in
connection with the LO-LOCAT speed variation, the effect on the rms value of
the filtered time histories and hence the frequency of exceedance will be
negligible.

HICAT High-Pass Filters

It is desired that the first of the HICAT high-pass filters be equivalent
spatially, i.e., in terms of wavelength, to the LO-LOCAT filter. Frequency
of exceedance data obtained with such a filter may be directly compared with
similar LO-L0CAT data to investigate the effect of altitude on gust intensity.
Inasmuch as the LO-LOCAT values of fc/ft and Nw/I-w have already been deter-
mined to be suitable for the HICAT filter, it remains only to set Xt the same
for both filters. Accordingly, for the HICAT filter,

ft V-at 700 fPs/7000 ft - 0.10 cps.

The characteristic wavelengths of this filter are the same as those of the
LO-LOCAT filter described above.

Inasmuch as the HICAT time histories contain valid data at wavelengths longer

than the 7000 ft values characteristic of the filter selected above, it is
desirable to define a second high-pass filter that retains considerably longer
wavelengths. For this purpose, an f of 0.035 cps, corresponding to a wave-
length of 20,000 feet is selected. For this filter, there would seem to be a
somewhat greater need for a sharp cutoff, but no requirement to match the
filter characteristics of other turbulence-measuring programs. Accordingly,
fc/ft is increased to 0.300 and Nw/f is decreased to 0.50.
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followingTF tablaton

FigurHeC9T Highri Pass Filterin CharaFuctriost(ichPs sFle)

ft "t fc X XCeff Af~ br X AT T n~ fc/If t w/'wI
(cps) (ft) (cps) (ft) (ft) (cps) j (sec) (see)

0.1000 7000 0.0217 33200 17500 0.0783 385 15.4 200 0.217 U.60

0.0350 20000 0).0105 66700 40000 0.0245 j1021 41.09 572 0.300 0.50

In the preceding tabulations AT is the additional length of run at each end
needed to accommodate the filter; and T. is the minimum length of run neces-
sary to achieve the desired statistical reliability in spectral calculations
for a maximum wavelength X~t, The minimum run leugth is given by 20/ft.

For convenience, these two filters are designated herein by their termination
wavelengths as the 7000 ft filter and 20,000 ft filter, respectively. The
gain functions o: these two filters are shown in Figure 95. Output power
spectral density functions, on the assumption of an input varying as the
-5/3 power of frequency, are shown in Figure 96.
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2.2

2.0 ASSUMED INPUT, ASSUMED INPUT,

PROPORTIONAL TO PROPORTIONAL TO
1.8 (FREQUENCY)3 (FREQUENCY) 5/3

1.6 -(UNITY AT f, 0.05 X 103 CYCLES/FT) (UNITY ATf =0.143 X 10' 3CYCLES/F1)

1.4

1.2 -

FILTER WITH
1.0 At =20,00OFT

2 f/ It = 0.300
0.8 0

Cke0.6 A t= 7,000FT

0.4 / ft 0.217

N/ 0.60
0.2 W

0 0.01 0.02 0.03 0.04 C-05 0.06 0.07 0.06 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16

(I//A) X 103, CYCLES PER FOOT

Figure 96 Effect of HICAT High-Pass Filters on Output Power Spectral Density,
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Appendix 1E

E. MATHEMATICALLY DEFINED GUST VELOCITY P0WM SPECTRAL DENSITY CURVES

For use in aircraft design, as well as for comparison of measured data with
various proposed theories, it is often desirable to represent atmospheric
turbulence power spectral density curves by means of mathematical expressions.

Current theories indicate that, over a frequency range comparable to that
studied in the HICAT program, the gust velocity power spectra are likely to
be characterized by the following:

* At very low frequencies, a power spectral density that does not
vary with frequency.

* At high frequencies, a power spectral density that varies
inversely as some constant power of frequency.

• A transition between these two regions.

The mathematical expressions that are most frequently proposed to represent
gust velocity power spectral densities are generally in a form such that the
high-frequency exponent and the nature of the transition are defined. These
expressions, however, generally contain two parameters to which any desired
values may be assigned. One of these parameters, the rms value of the gust
velocity (mw), measures the intensity of the turbulence, and the other
(usually designated by the symbol L and called the scale of turbulence) is a
shape paraneter that defines the frequency at which the transition occurs
between the horizontal and sloping regions of the curve on the usual log plot.

To assist in finding simple, mathematically-defined curves that best fit the
measured shapes, several families of curves are shown in this Appendix. All
are arbitrarily shown at a level such that the high-frequency asymptote passes
through a power spectral density (psd) value of 103 (fps) 2 /cpf at a frequency
of 10-3 cpf.

Four basic families are included. For each basic family, curves are provided
for high-frequency exponents, m, of -1, -7/6, -4/3, -3/2, -5/3, -11/6, and -2,
respectively. For each value of m, ctrves are shown for scales of turbulence,
L, of 500, 1000, 2000, 4000, and 8000 ft, and w. Figure 38 compares the four
families for an m of -5/3 and an I of 1000 ft asd ®.

The first family includes both the Von KYrman spectrum (exponent = -5/3) and
the Dryden spectrum (exponent = -2) as special cases. The basic equations for
this family are given by Taylor in Reference 31; he credits N. I. Bullen with
suggesting their use. Accordingly, this family is designated herein the Taylor-
Builieh family. The general form of the equation for this family is

o2L 1 b2 (L2l
S(n,) @-2 -+ 2(n + 1) b kn.2(

"3 -2 -L) 2 +312 (]2)
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where n is related to the slope of~ the high frequency asymtote on h o-oplot, m, as follows:

n (in-)

or conversely,

in = 2n

and b is defined by

b = P(n)

and iý equal to i/L times the constant., aj, used by Taylor. Values of n, b,anci b for the curves shown herein are as follows:

Mn n bb2

-l 0OC

-761/12 4.1o 16.81
-4/3 1/6 2.318 5.373
-3/2 1/4 1.671 2.792
-5/3 1/3 1.339 1.793
-11/6 5/12 1.139 1.297F. =-2 1/2 1.000 1.000
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The resulting equations are:

M = -1: (Constant)-±-

M=- 7: c- 2 L [1 +36J.42nL)2 ]
[1 + 16.81(••L)2]19/12

4 2  (1 + 12.57(n L).4
31 [1+ 5.37(nL) 2

M T _ v ()_ J1.[ + 7.o0( •)2]

"1 [ + 2.80( nL)217/4

2 )2

(I + 1.79( nL)2]11/6

11 2  [) L +3.69( nQ) 2 ]

1 [1 1- .30( L) 2] 23 /72

m = -2: 0 = rL [1 + 3.oo( nL) 2 ]

'' [Y + ( ,)Q 2

"This fa•ilty of equations, as proposed by Bullen and Taylor, applies to thecomponent of turbulence perpendicular to the direction of traverse, i.e., to
vertical and lateral gusts as measured in the HICAT program.

The second family is that defined by Taylor and Bullen for the component ofturbulence in the of traverse, designated the longitudinal compo-
nent in the HICAT pr,.7am. This family is designated herein the Taylor-
Bullen Family Longitudinal Gust, or simply, the Taylor-BullenLongitudinal Family. Where necessary to distinguish these two families, the
first mey be designated the Taylor-Bullen Transanerse Family. The general
equat.on for the Taylor-Bullen Longitudinal Family is

2 )L 1 .... 3"V" [1, b 2( -,,L)2] n+/ 1)
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The values of n and b corresponding to various value of m are the same as forThe ultiae t smeasfo
Utih first Taylor-Bu-len fariDy. The resulting equations are:

m .- (=) -- (Constant) 1L-

2

-T IT [I + 16.81(QL)2]7/12

2

4 2a-L 1
2 -( [1 + 5.37(RL)2]2/3

2
21 22L IM = _ - __

2 72 [-I + 2,80o( L ) 2 ] /

:i m "- 5 .:) - 2 °21

3" e ~[1 + 1.79( QLe]/

h h fi-a t h k f .11. 1pa df
"i [1 + 1.30( QL,)2l/

j m =-2: 2 a = -

that the small bump to the left of the knee is eliminated.

,-The third family is designated the sharp-knee family. This shape also differs

from the Taylor-Bullen shape in tnat the small hump to the left of the knee
ic eliminated. In addition, the frequency at which the knee occurs remains
about the same for all values of m from -.1. to -2; in contrast, the knee in the
Tay].or-Bullen family shifts to much lower frequencies as m approach -1. The

equation is simply

* ( - ) = Constant (1)

1+
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I-
where (-M) = 1, 7/6, 4/3, 3/2, 5/3, 11/6, and 2. For the special case of
In = -2, this equation is identical to equation (2).

The fourth family is designated the mild-knee family. The equation is

Constant

(1 + RL)" (5

For the special case cf m =-2, this family yields the equation proposed by
Lappe in Reference 32. The presence of a first-degree term in the denomina-
tor (with mi = -2) results in a much milder knee. The sharp-knee and raild-
knee families become more alike as (-m) decreases, and they are identical
when m = -1. At the frequency defined by the intersection of the low frequency
(horizontal) and high frequency asymptotes, ratios of actual psd to the value
defined by the intersection are as follows:

m= -2 -4L3 m= -

Sharp-knee family 0.50 0.50 0.50

Mild-knee family 0.25 0,40 0.50

The four families of power spectral density curves are shown in the following

figures:

0 Taylor-Bullen Transverse Figure 97

* Taylor-Bullen Longitudinal Figure 98

• Sharp Knee Figure 99

• Mild Knee Figure 100

2
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F. NORMALIZED GUST VIGCITY SPECTRA PLOTS

As. an aid in studying variations in spectral shape, a limited number of gust
velocity spectra have been normalized by dividing by the square of an appro-
priately defined rms value. The resulting plots are shown in Figures 10"
through 102.

The rms vmlue used for normalizing is, in all cases, RMS 2 for the particular
gust velocity component. Reasons for selection of RN. 2 as a basis for nor-
malizing are discussed under Average Spectral Shape. Use of' individual nor-
malization factors for each run permits a direct comparison of spectral shape
in the three directions, at any desired frequency. The normalized ;pectra
were obtained from un-normalized spectra faired as described in the section,
Average Spectral Shape.

Each curve on the plots is identified by the test and -un number, with the
rms value used for normalizing given in parentheses. The curves are grouped
as follows:

"* Figure 101 Spectra dafined to X = 40,000 ft

Figure 102 Spectra defined to X = 10 000 ft for runs obtaiued in
the Detailed Meteorological Analysis of TWn HICAT Tests

Averages were obtained for each group and are showL in ?igures 47 and 48 in
Section V, Average Spectral Shape.

Ii
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G, DETAILED METEOROLOGICAL ANALYSIS OF TEN HICAT TESTS

A detailed analysis of ten HICAT tests of special meteorological interest
appears in this appendix to substantiate the meteorological discussion of
Section VI. These tests were selected for their meteoro'l.ogical significance
after verifying that satisfactory flight measurements and adequate meteorolo-
gicU. observational data were available. The tests discussed are listed here
by number and meteorological feature of interest.

1. Test 202 ----- Severe turbulence over squall line in northern Arkansas.

2. Tests ------ Moderate CAT over jetstream, Memphis-Nashville area.

203/2o4

3. Test 218 ----- Zero CAT flight.

4. Test 220- ... Light CAT of long duration.

5. Test 233 ----- Severe CAT over Intertropical Convergence Zcne
(Equatorial Front). •

6. Test 247-..Moderate CAT over Hurricane Beulah.

7. Test 264 ----- Severe CAT over Grand Junction, Colorado.

8. Test 265- Severe CAT at night on same date and over same area
as Test 264.

9. Test 266 ----- Severe CAT over Albuquerque, New Mexico.

10. Test 280 ----- Turbulence in mountain wave over Denver, Colorado.

# *
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ILIGHT SUMMARY AMD ANALYSIS - TEST 202, 12 MAY 1967

The 1800Z surface chart for this date shows a quasi-stationary front lying
along the Oklahoma-Texas border and extending across central Arkansas and
over the east-central states. Thunderstorm and rainshower activity prevailed
along the front with most of the convective activity centered about 75 nm
north of Little Rock, Arkansas.

The National Severe Storms Laboratory (NSSL) had predicted thunderstorms
would form in this general area and requested that the HICAT aircraft be
within a 100-mile radius cf Oklahoma City, Oklahoma, at 1100 CST. The pilot
was contacted when near Perrin Air Force Base and directed to the area of
cloud buildups, then detectable by radar, north of Little Rock, Arkansas. He
approached the line of thunderstorms from the west '(Figure 103) at 65,000 feet
and reported very light turbulence and "a wallowing motion". He flew across
the storm area again and then descended to 60,000 feet. During the pass from
west to east at this altitude the turbulence intensity increased considerably.
Then after de.-cending to'59,000 feet a further increase in CAT intensity was
observed. Druring the final pass from west to east at 58,000 feet the pilot*
reported moderate to heavy turbulence accompanied by more rolling of the air..
craft than he had ever seen. Flight measurements indicated that maximum cg
acceleration increments were +0.96g/-0.6Og associated with true gust velocities
of ±20 ft/sec.

The radar reports plotted on the surface chart (Figure 104') show an area of
solid echoes below the region traversed by the aircraft. The 120OZ 70 mb
temperature-streamline analysis of Figure 105 shows the turbulent area to be
in a warm thermal trough with the wind flow almost normal to the isotherms.

Analysis of the 70 mb constant pressure surface of Figure 106 shows a well
defined wave pattern with the troughs and ridges quite pronounced at that
level. The wavelength is about 300 na, when measured west to east near 350
listitude, and the height is approximately 130 geopotential meters.

The 1200Z RAOB for Oklahoma City (OKC), Little Rock (LIT), and Nashville (BNA)
(Figure 107) shows each of these stations to possess an irregular appearing
"vertical temperature structure. This condition indicates the presence of
vertical motion and appears typical of those associated with the production
of turbulence.

Figure 108, the isentropic cross section at 120OZ (five hours prior to the
time the pilot was over the line of thunderstorms) shows a baroclinic zone
present at that time. The baroclinicity over Oklahoma City (OKC), the first
station upwind of the thunderstorm area, is quite pronounced.

One interesting pilot comient was that the free air temperature dropped 6%C
duri4 his pass at 59,000 feet and VC more during his pass at %8,000 feet.
This probably indicated the presence of cold rising air above the line of
thunderstorm.

j"•• . ... . . • ........ ... . ..•":: i,.
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Meteorologically significairb feat~u'es associated with CAT observed during this
test are the following:

* The line of building thuaderstorms over which the turbulence was
encountered

0 The wave pattern, as indicated by horizontal temperature analysis,
between Mem.,,his and Amarillo

* The large vertical temperature gradients over Little Rock and
Oklahoma City near the flight levels at which the turbulence was
found. I

0 The wave pattern evident ir the 70 mb pressure surface analysis

* Baroclin5.~ity evident in the isentropic analysis.
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OKLAHOMA CITY (OKC) LITTLE ROCK (LIT NASHVILLE (BNA)
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FLIGHT SUMWARY AND ANALYSIS - TEST 203 AND 204, 15 MAY 1967

Tests 203 and 204 were flown on the same day with the same flight plan and
are therefore described together. Test 203 began at 1600 GW, but engine
difficulties at test altitudes caused thie flight to be aborted. The original
flight plan was resumed on Test 204 beginning aý 2009 GMT.

During climbout on both tests the pilot reported light CAT at 30,000-36,000
feet, 40 miles east of Shreveport and then light-to-moderate CAT between
40,000 and 50,000 feet, about 75 miles east of Shreveport. Very little
turbulence was noted above 60,000 feet, so the pilot concentrated his search
between 50,000 and 60,000 feet. The resulting CAT encounters are shown on

j the flight track map (Figure 109) as runs 2 through 10.

Figure 110 shows the 2100 GMT surface chart combined with the 2345 GMT radar1 summary. Also overlayed are the extrapolated positions of the polar and
southern jetstreamn at the time of the flight. It can be seen that the turbu-
lence was encounterc6 directly above the area of convergence of the two
jetstreams.

At the 70 mb level (Figure 111) a warm the:mal trough appears near Lake
Charles, Louisiana (LCH), and extends northwards toward the Little Rock,
Arkansas (LIT) and Memphis, Tennessee (MEM) area. The thermal trough also is
oriented along the pressure trough at the 70 mb surface that can be seen in
Figure 112. The relatively short wave appearance notable in the 70 mb con-
stant pressure analysis is in contrast to the wavelengths generally observed
in analyses of mandatory levels below the tropopause. In this case, the
wavelengths are approximately 300-400 miles in length as opposed to the
2000- to 3000-mile wavelengths generally found in analyses of the higher
tropospheric levels.

Figure 113 is a plot of the RAOB for Shreveport, Louisiana (SHV), Jackson,
Mississippi (JAN) and Montgomery, Alabama (MG4) for OOOOZ, 16 May 1967.
These observations were made about 4 hours after the U-2 was in the sampling
area and are the best available. Note the variable character of the vertical
temperature gradient between 150 and 50 mb. It has been observed that as the
stratospheric wavelengths of the 70 mb constant pressure chart become shorter
(i.e., near 300-400 miles) vertical temperature soundings displayr an increased
gradient.

The isentropic cross section (Figure 114) shows the baroclinic zones between
150 and 50 mb over SHV, JAN, and MGM. It should be noted that turbulence
was encountered at 52,400 feet over JAN add 56,300 feet and 27,900 feet
between Little Rock (LIT) and SHNI. The turbulence altitude corresponds to an
area of wide spacing of the isentropes.

Duportant aspects of this flight in relation to the turbulence encountered
are considered to be:

0 The turbulence occurred over an area of converging Jetstreams. The
Jetstreams were near the 200 mb level.

228
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* A pressure trough and a warm thermal trough were apparent at the
70 mb level near the time and location of the observed turbulence.

* The 70 mb pressure and thermal patterns indicated the presence of a
stratospheric wave 300-400 miles in length.

* The RAOB charts showed strong verti-,al temperature gradients.

* The isentropic analysis shows the turbulence occurred below a
stable layer at a level of pronounced baroclinicity.

I

22i

229

* .
• - --. * r.



Appendix IG

mow _ CAT IWMPSIY
CM. W mU, fm m2 fu o o col I, /

2 bt 177
I VL at
4 L 9,:
5 L a*1

I K IIO 11 *

7AA m OOK FS

OHMS

I SI

Fiue 0 es dKfihtTak 20 In 236Z 15~ Nay97

0
8L0"

"\7VORT k

Figure no9 Test 203 Fligh T0Srface (2009 (2336z 15 Wb~ 1967)

ree AT.. -* VM 0 UTU- 
a

a..



Appendix IG

,3( -- L •i, i . d - - - .

I Ps

"" A . /

- -I•. . "-- -- I_- ..--

/ " - - -'

* I T-

'-', - - "•W 
1 -.- -2

/ j "~Z I'A

L __ d

Figure 11 Test 203 and 20o 70 MB Temperatures and Winds Chart
a-]

I 004

/ 1

0LD SK N

I 4.. U act,

FUg~r 112 Test 203 and 2011 70 148 Constant Pressgare Chart
(OOOOZ, 16 mahy 1967)

232



Appendix IG
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FLIGHT SI4UARY AND ANALYSIS - TEST 218, 30 JUIE 1967

This test is included as a special case to illustrate conditions associated
with the absence of clear air turbulence. Figure 115 shows that the route of
flight was over the rolling, forested hills of southeastern Canada. The
hills were generally less than 2,000 feet in elevation except for a small area
of 2000- to 5000-foot mountains near Quebec.

The combined surface and radar summary chart in Figure 116 depicts the surface
fronts located north of the Great Lakes region and across the Mid-Atlantic
States. The convective activity that existed was well to the south of the
route of flight. There was wide-spread cloudiness, however, over the entire
map area. The pilot reported only a few breaks in the clouds in the vicinity
of Caribou, Maine and Three Rivers, Canada. Rain also prevailed over the
northeastern United States and southeastern Canada.

In Figure 117 it can be seen that at the 70 mb level the flight path was in
an area of very weak- horizontal temperature gradient and light winds. The
temperature gradient is about 1OC/300 mrm with winds generally abvut 5 knots.

The 70 mb constant pressure surface analysis in Figure 118 indicates that a
flat pressure surface also existed over the sampled area. Although not shown,
winds frm the 300 mb and 200 nb analyses were light for those altitudes,
averaging about 25 knots. The tropopause wind analysis showed the 20-knot
isotach encircling the flight path.

The well defined low at the 70 mb level located over Newfoundland was well to
the east of the sampled area. The RAOB charts (Figure 119) for Moosonee •MO),
Maniwaki (WS), Canada, and Caribou, Maine (CAR) show the small temperature
gradient that existed between 150 and 50 mb. The relatively small slope of
the isentropes in Figure 120 also correspond to the small vertical temperature
gradient.

Significant features associated with the lack of turbulence at lew, s between
150 and 50 ab and In the sampling area are:

* fhe lack of any widespread convective activity as noted on the sur-
fvce and radar suanry chart (Figure 116)

* sm all horizontal temperature gradient and light winds apparent
on the 70 mb analysis (Figure 117)

• The relatively flat surface at the 70 mb level (Figure 118)

'fTh smell vertical temperature gradient depicted by the RAOB chart

* In relatively fl.%t slope of the isentropee and Lack of baroclinic
zone (Figure 120)
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- Go.

Figure U.7 Test 218 70 MB Temperatures and Winds Chart (1200Z, 30 Jun 1967)

Figure 118 Test 218 70 leBf Constant Prea:,ure Chart (120M., 30 Jun 1967)
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FLIGHT SUMMARY AND ANALYSIS - TEST 220, 6 JULY 1967

Test 220 was chosen as a special case because it provided an opportunity to
study a long straight flight of 450 nautical miles in which almost continuous

* light to very light CAT was sampled.

After takeoff, the pilot climbed southeast toward Halifax, Nova Scotia.
Climbing through 55,000 feet he felt a few ripples but received no significant
turbulence until over Halifax. From that point to Albany, New York the
turbulence was fairly continuous. Rims 2 through 7 of this leg were processed.
After turning southeastward from Albany, the turbulence ended about halfway
between Albany and Cape Cod, Massachusetts (Figure 121). Turning toward the
north, light CAT was again encountered c er Portland, Maine and near the same
altitude as that flown through 50 minutes earlier. The turbulence ended
abruptly after passing to the north of Portland.

Figure 122 shows that the flight occurred over a surface high pressure system.
Also there was no convective activity and the National Meteorological Center
neph-analysis indicated that the skies were generally clear to scattered.
The position of the tropopause jetstream is also located on this chart.

A warm thermal trough over the northeastern sta"-es can be seen on the 70 mb
temperature-wind analysis in Figure 123. Cyclonic curvature of the wind flow
pattern is also evident in this same area. In Figure 124, at 120OZ, a well-
defined depression is centered over Massachusetts, Portland, Maine, and Albany,
New York where most of the turbulence was located. An additional feature of
the 70 mb constant pressure surface that should be noted is the character of
the waves at that level. As :-n tests 202, 264, and 266, the 300- to 4 00-mile
stratospheric short, wave is evident.

The RAOB charts in Figure 125 show well-defined but weak vertical temperature
gradients between 150 and 50 mb over Portland (PWM) and Albany (ALB), and a
very weak gradient over Buffalo (BUF). The gradient is largest between
49,000 and 53,000 feet over PWM, and between 50,000 and 57,000 feet over ALB.
These altitudes correlate well with the level of turbulence actually recorded
on rims 2 through 9.

The isentropic analysis (Figure 126) illustrates that weak "aroclinic zones
were present over ALB and PW( and that CAT was observed at a level where the
isentropes were widely spaced. Factors of significance associated with the
turbulence observed on this test are:

0 The location of the jetstream, as indicated on Figure 122, is
parallel to and just south of the flight track I

0 The axis of the warm thermal trough and pressure trough at the
70 mb level is centered between ALB and P14 near the area of the
most CAT activity

0 The short wave characteristic of the 70 mb constant pressure surface,
as shown by Figures 123 and 124.

• Siall vertical temperature gradients an indicated in the RAOB
analysis (Figw'e 125).

* Widely space isentropes at turbulence altitude as indicated in
Figure L26.
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FLIGHT SUMMARY AND ANALYSIS - TEST 233, 7 AUGUST 1967

The meteorological charts for •his date indicated that conditions should be
favorable for a flight over the Intertropical Convergence Zone (ITZ). The
convergence zone was positioned approximately 150 nautical miles south of
Panama, and early radar reports showed considerable activity along the zone.

Figure 127 shows the flight route and that the primary sampling area was along
50 -7 0N latitude and south of Panama.

Figure 128 depicts the 000Z, 8 August 1967 surface analysis from the WMO
Regional Center, Miami, Florida (MIA). The RAREP shown on the analysis was
that observed and plotted by the C-97 Air Sea Rescue aircraft that was accom-
panying the U-2 and flying at about 25,000 feet. Turbulence was sampled above
the well defined dense cluster of thunderstorm activity outlined by the RAREP.

Runs 2 through 22 were processed and show that the pilot encountered light to
moderate CAT.

Note that the meteorological data analyzed, except for the RAREP, was for the
time OOOOZ, approximately 6 hours after sampling time.

The pilot stated that as he reached 54,0oo feet approximately 50 miles south-
west of Albrook AFB he observed almost continuous very light CAT. He continued
to experience the very light CAT until reaching the area near 5"N latitude
at which time the turbulence increased, becoming light to moderate at 54,000
feet. He described one unusual cloud formation that appeared to be a layer
of cirrus not attached to thunderstorms. The tops of the cirrus were 56,000
feet indicated altitude.

Near 62N, 83*W, he noted that the free air temperature changed from -60*C at
52,000 feet to -50*C at 54,000 feet. The free air temperature gauge in the
aircraft normally reads 10-20"C below the ambient air temperature.

Figure 129 shows the 70 mb O000Z, 8 August 1967, analysis of horizontal tem-
perature and wind streamlines. Notice the large temperature gradient between
San Andres (NCSP) &ar Howard Air Force Base, Canal Zone (MiiO). Also
visible is the well defined wave between 65"W and 85"W longitude. It appears
significant that the steepest part of the wave surface, as indicated by the
temperature gradient, is over the area of maximum thunderstorm development.

A trough in tha 70 mb constant pressure surface is apparent in Figure 130.
Notice that the axir of the pressure trough is aligned closely with the axis
of the thermal ridge in Figure 129. Further, that if adjustment in time and
space between flight and observation time (-6 hours) were made, the pressure
trough and thermal ridge would be aligned closely with the aria of maximum
thunderstorm development along the ITZ.
Figures 129 and 131 show a very large temperature gradient that existed over

San Andres N3P at OO00Z. Notice the numeroun gradient changes between 150
and 50 mb. There is a total AT t}yugh the layer of 540C or 2.4"C/1000 feet.
Between 45,000 and 51,0= feet the AT is 4.!6C/1coc fcet. A vertical
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FLIGHT SUMMARY AND ANALYSIS - TEST 247, 20 SEPTEMBER 1967

The primary objective of HICAT operations out of FaL rick AFB, Florida was,
hopefull:r, to be able to investigate turbuler'ce above a hurricane. From
U1 September to 2 October 1967, two hurricanes moved to within operating raige
of the U-2--Hurricane Beulah, which moved across the Gulf of Mexico and entered
the Texas coast on 20 Sep 1967, and Hurricane Doria which formed about 100
miles east of the Florida coast and moved north-eastward along the Atlantic
seaboard.

* This special case is primarily concerned with the flight over Hurricane"
Beulah. However, some comparisons will be made between Beulah and Doria.
Figure 132 shows that the flight track for this test was via airways J-86 to
Houston, Texas, then J-22 to Corpus Christi, and over Beulah between Corpus
Christi and Brownsville, Texas.

The pilot approached the hurricane at an initial altitude of 65,000 feet and
well above the tops of the clouds. There was no 'turbulence at that altitude.
As he flew closer to the center of Beulah he began a descent to determine the
height and other features of the cloud tops. As described by the pilot, the
highest cloud tops were directly above the eye. The clouds were uniform in
nature, solidly undercast, and relatively flat. The eye of the hurricane was
visible as a dark circle embedded in the dense cirrus. The altitude of the
cloud tops over the eye was 54,000 feet MSL. Slightly beyond the periphery of
the hurricane's eye, the height of the cloud tops dropped sharply to 53,000
feet, and then more gradually to an average height of 49,000 feet within a
100-mile radius of the eye. The pilot stated further that convective type
activity was protruding through the tops of the smooth cirrus north of the eye
of the hurricane.

Figure 133 depicts three prominent meteorological features: the 1200Z surface
analysis, the ll45Z radar summary, and the 1200Z position of the jetstream at
the tropopause level. Most important of course is the position of Hurricane
Beulah.

The upper level analyses vary some from those of previous cases because of
the absence of data in the vicinity of the hurricane. Figure 134 shows the
100 mb analysis for OOOOZ, 20 September 1967, approximately 16 hours prior to
the time the aircraft was over Beulah.

At that time Brownsville, Texas (BRO) and Monterrey, Mexico (MTY) were still
able to complete their RAOB. The anticyclonic wind flow is apparent at that
level aver BRO. Also of possible significance is the quite cold -80PC
temperature over MTY. This cold temperature was most probably caused by cold
ascending air near the center of the hurricane. Its effect would have been to
cr'ate a cold dome of air over the hurricane and to create a large horizontal
temperature gradient in the surrounding area. This is evident from the 9 C
change in 155 nm between Abilene (ABI) and Del Rio, Texas (DRT).

The 100 mb analysis for 12 hours later (Figure 135) shows the 76*C isotherm to
have remained in about the same position. Upper level observwtions over
extreme southern Texas were not obtainable because of the location of Beulah.
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General features of the 1200Z, 100 mb and 70 mb analyses (Figures 134, 135
and 136) that should be noted, although their full significance is not clearly
understood, are:

0 The symmetrical appearance of the stratospheric waves illustrated
by the horizontal temperature analyses at the 100 mb and 70 mb level
(Figures 134 through 136)

* The anticyclonic flow of the wind streamlines at the 100 mb level
parallels precisely the path of the tropospheric jetstream
(Figures 133 and 135)

* The .well-defined anticyclonic flow at the 70 mb level (Figure 136)
parallels thb course the hurricane took subsequent to 1200Z,
20 September 1967

The nearest RAOB charts in time and space corresponding to the sampling time
are those shown in Figure 137. Even though the observations were 15-16 hours
prior to the time the U-2 was over Beulah, the cold air between the 120 mb
and 90 mb level is quite apparent.

Meteorological featurestonsidered significant are:

* Very light CAT reported by the pilot at 53,000 feet as he crossed
over the jetstream near Tampa, Florida (TPA)

* Pilot encountered light to moderate CAT over Hurricane Beulah and
in the area of relatively cold air. An ambient temperature of
-800C was recorded by the aircraft instrumentation

* Turbulence was encountered over Hurricane Beulah but not over Doria

* Light CAT (Run 6) was encountered over an area of convective activity
near Boothville, Louisiana (BVE) as indicated in the radar summary.
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FLIGHT STJMMARY AND ANALYSIS - TEST 264, 30 NOVEMBER 1967

Tests 264, 265, and 266 provide interesting examples of the occurrence of
clear air turbulence over the western states region in a two day period from
30 November to 1 December, 1967.

As indicated by the flight track on Figure 138, the U-2 flew from Edwards Air
Force Base, California (EDW) to Provo, Utai, Grand Junction, Culorado ('GT)
and returned almost directly to Edwards. CAT was predicted to occur between
Provo, Utah and Grand Jurption, Colorado. A vertical cross section search
pattern with 500 foot altitude intervals (See Figure 161) was to be flowr if
significant CAT was located. Moderate turbulence was located between Provo
and Grand Junction (GJT), and the pilot completed the vertical search pattern
utilizing GJT as a focal point.

Figure 139 depicts the O000Z, 1 Dec 1967, surface chart with the tropopause
jet stream overlayed. Map time is within 1 hr and 15 min to 0 hr and 15 min
of the sampling time. The surface front and the jet stream were positioned
almost directly beneath the observed turbulence.

Figure 140 shows the well-defined warm thermal trough at the 70 mb level
situated along the western border of Nevada. Note the 70 mb wave pattern
illustrated by the temperature analysis. It is unfortunate that the O000Z,
1 Dec 1967, RAOB for GJT is missing for this case as one can only speculate
as to the amount of horizontal temperature gradient between GJT and surround-
ing stations.

In reference to the time history of Run 16, come interesting observations con-
cerning temperature are apparent. During a 20-second period that the aircraft,
was in moderate to severe turbulence at 61,000 - 61,500 feet, the temperature
trace between 11 and 15 seconds shows there was a AT of about 70C.

The major pressure trough, evident in Figure 141, positioned over the
Californip-Nevada border corresponds closely in position to the thermal trough
in Figure 140.

The credibility of the closed Low at the 70 mb level centered over Great Salt
Lake cannot be determined. If the observation of a 70 mb height of 18,180
meters is in fact accurate and the 18,320-meter isohypse accurately placed
over GJT, this would imply an upslope of 140 meters in 150 nm between SLC
and GJT. This is considered a steep slope for the 70 mb surface.

The RAOB charts fox Yucca Flat, Ne%.ada (UCC), Salt Lake City, Utah (SLC), and
Denver, Colorado (DEN) are plotted to illustrate characteristics of a 150-50
mb vertical cross section of the sampled area (Figure 142). The vertical
temperature gradient (4T/•Z) of these three stations is: UCC i.9*C/I0CC feet;
SIZ 1.270C/1000 reet; and DEN 1.*8C/I000 fset. Compare these vertical

* temperature gradients with those of 0.186C/1000 feet and, 0.36"C/1000 feet
of NO and MW in test 202 wh(i ' there was no turbulence. Figure 143 shows
clearly the manner In which the ibentropes pack and diverge in turbulent
areas.
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Synoptic features cf the above analyses that are considered related to factors
that produce CAT in the 150-50 mb range are the following:

0 The position of the jetstream in relation to the location of the
CAT (Figures 138 and 139)

0 The evidence of wave motion as indicated by the 70 mb horizontal
temperature pattern in Figure 140

* The steep slopes of the 70 mb pressure surface in the area where
CAT was detected (vigure 141)

0 The large vertical temperature gradient as shown on Figure 142

* The Baroclinic zones noted on the isentropic analysis (Figure 143).
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FLIGHT SUI4MARY AnD ANALYSIS - TEST 265, 1 IECEMBER 1967

After a quick postflight analysis of Test 264 it was decided to turn the

aircraft around and duplicate the flight plan for Test 265. The main objec-
tive was to attempt to determine what, if any, effects darkness might have on

an area of moderate to severe CAT. The aircraft departed for the second time

that day at 2048 MST (o4048z). Turbulence encountered in Test 265 can be seen

in Figiue 144. A subjective comparison of Figures 138 and 144 appears to

indicate that the turbulence was more frequent and intense during the night

flight than the day flight.

4 •An interesting comment by the pilot during the debriefing referred to a very

noticeable effect of two types of turbulence. First was the random chop of

very short frequency excursions (1-2 seconds), and the other was a phugoid

effect with a frequency of 40.60 seconds. The pilot stated he could feel the

positive and negative acceleriations associated with the longer wavelength
turbulence. Inspection of corrected pressure altitude time histories for

runs 14 through 22 illustrate these phenomena.

Figure 145 depicts the 1200Z, 1 December 1967, surface analysis with the
corresponding tropopause jetstream overlayed. The 1200Z analyses used in
this special case are approximately 6 hours after the time the U-2 was in the
primary-sampling area over GJT. Applying a six-hour time correction to
Figure 145 one can see that the surface front and tropopause jetstream were
just to the east of Grand Junction, Colorado (GOT). The skies were undercast
over the entire route of flight, and surface weather conditions were stormy
over the Southwestern States.

Mhe 70 mb analysis in Figure 146 shows the well defined thermal troughs and
ridges that were present over the southern Rocky Mountain region at 1200Z,
1 December 1967. The most obvious conclusion one can make is that waves of
large amplitude were present in the sampled area. This is illustrated by
the analysis of the 70 mb constant pressure chart in Figure 147. It should be
observed that the wind flow pattern at the 70 mb level is sligitly cyclonic
in curvature and flows across both isotherms and isohypses.

The most appropriate available RAOB charts applicable to this case were Yucca
Flat, Nevada (UCC), Salt Lake City, Utah (SLC), and Grand Junction, Colorado
(GJT). Inspection of these observations for the 150 rob-50 mb level (Figure 148)
shows that large vertical temperature gradients were present. Runs 3, 4, and
5 indicate that CAT was present near UCC at altitudes of 59,400 to 63,000 feet.
Run 10 near SLC shows very light CAT at 59,700 feet. Summarizing information
from Runs 12 through 29 it can be seen that light CAT was measured at altitudes
63,500 and 55,100 with the most persistent severe CAT at altitudes of 59,000 -

61,700 feet over GJT.

At UCC and GJT, Figure 149 illustrates the considerable packing and spreading
of the isentropes in areas where turb-alence was found. Over SLC iuentropes
are uniformly spread and only very 1ight CAT was detected.
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The significant meteorological features associated with the CAT observed in
this case are the following:

0 The position of the tropopause jetstream in relation to the
location of the CAT (Figure 145).

• The large amplitude waves evident in analyses of the 70 mb

thermal pattern and isohypses (Figures 146 and 147).

0 The large vertical temperature gradients apparent in Figure 148.

0 The baroclinicity apparent in the isentropic analysis (Figure 149).
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FLIGHT SUMMARY AND ANALYSIS - TEST 266, 1 EECEMBER 1967

On 1 December 1967, forecasts indicated that turbulent conditions which had
existed over the Grand Junction, Colorado (GJT' area o1 30 November 1967
should be present near Albuquerque, New Mexico (ABQ). This prognostication
was based primarily on the position of the jetstream, horizontal and vertical
temperature gradients and on the location of troughs and ridges at the
150-50 mb levels.

One principal objective was that the flight be over Albuquerque, New Mexico
(ABQ) during the time the upper level observation was being made. In the
"event that turbulence was then located, the time correlation betiieen
meteorological and turbulent data would be ideal. The desired timing was
achieved as planned and turbulence was encountered as predicted over
Albuquerque. Thus, this test is considered especially valuable from the
standpoint of compatibility of data.

Figure 150 shows that no CAT was observed in the Yucca Flat, Nevada (UCC)
area. Light CAT was observed at 57,500 and 64,300 feet in the vicinity of
Winslow, Arizona (INW), and light to severe CAT was encountered over Albuquerque,
New Mexico (ABQ).

An interesting observation made by the pilot during the mission debriefing was
that, in addition to the high frequency turbulence, there was an apparent
vertical shear that caused one wing of the aircraft to drop sharply making
control very difficult. He had not previously observed this effect during
other missions when in severe clear air turbulence.

The OOOOZ, 2 December 1967, surface analysis with the tropopause jetstream
averlayed is illustrated by Figure 151. The jetatream was positioned over or
very close to ABQ during the time the aircraft was in the area.

The 70 mb analysis of temperature and winds in Figure 152 presentc a synoptic
meteorological pattern that warrants detailed scrutiny. The outstandingly
apparent character of the high amplitude short wave at the 70 ob level between
Arizona and Oklahoma is evident from the horizontal temperature analysis. At
the southernmost point of the warm thermal troughs over AEQ and OKC are tem-
perature gradients of 10C per 180 rnm between ADQ and ELP, and lO°C per 150 nmI; between OKC and GSW. These are considered strong gradients.

The 70 mb observed winds over ABQ, AMA, OKC, ELP and GSW are an unusual
contrast in direction and velocity. It is difficult, however, to discredit
the accuracy of direction of the, nprth-northwest wind over ABQ and the
northcat wind over OCC because of other abnormal factors such as presence of
the .large avplitude wave, the large horizontal temperature gradient, and the
veverity of the turbulence observed over ABQ.
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Figure 153 shows the analysis of' the 70 mb constauat pressure chart. The
well-defined wave in the temperature pattern in Figure 154 is not so obvious
in the pressure pattern. Of course, the isohypses could be drawn to corre-
spond more closely to the wave evident in the temperature analysis; however,
until more upper level observations are available this would not be meaningful.

The UCC RAOB chart in Figure 154 shows a very small vertical temperature
gradient at the test levels (52,000-57,000 feet). No CAT was observed. Over
INW and in flight levels 57,500 feet and 64,300 feet light CAT was present.
A small vertical temperature gradient is apparent at 60,000-67,500 feet in
that area. Over ABQ relatively large vertical temperature gradients were
observed, and severe CAT was encountered for 50 minutes.

The isentropic analysis in Figure 155 shows the previously observed feature
of evenly spaced isentropes in areas lacking CAT (UCC and ITNw) and unevenly
spaced surfaces over the station (ABQ) where CAT is abundant.

Significant meteurological factors associated with CAT observed over ABQ are
the following:

* Position of the jetstream over ABQ Figure 151)

* The large amplitude wave evident in the 70 mb temperature-wind
analysis (Figure 152)

* The large horizontal temperature gradient at 70 mb between ABQ
and ELP (Figure 152)

* The unusual contrast between wind directions and velocities observed
over ABQ and OKC and surrounding stations (Figure 152)

• The large vertical gradient of temperature over ABQ where CAT
was abundant as opposed to the small gradients over UCC and INW
where CAT was very light or not detected (Figure 154)

$ Unevenly spaced isentropes over ABQ where CAT was abundant c ,mpared
to evenly spaced isentropes over UCC and INW where CAT was very
light or not detected (Figure 155).
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FLIGHT SUMMARY AND ANALYSIS - TEST 280, 15 FEBRUARY 1968

This test was planned in conjunction with the National Center for Atmcspheric
Research, Boulder, Colorado, to investigate turbulence associated with mountain
waves over the eastern Rocky Mountain area in the vicinity of Boulder. Four
aircraft participated in the experiment. Each aircraft was to fly a track
between Kremmling, Colorado and Akron, Colorado at different altitudes
according to the following plan:

HICAT U-2: 45,000 - 70,000 feet

CANADIAN T-33: 25,000 to 40,000 feet

ESSA B-57: 38,000 to 44,000 feet

NCAR QUEEN AIR: 18,000-26,000 feet

During the early morning period of 15 February 1968, meteorological conditions
seemed favorable enough to schedule the test for that day. There was no
jetstream in the area, but west winds prevailed at all levels from near the
surface to the tropopause. Velocities were generally 49-90 knots. The
1200Z, 15 February 1968, Denver RAOB showed considerable vertical temperature
gradient and evidence of wave action between 53,000 and 66,000 feet.

Participating aircraft were scheduled to begin their runs from over Kremmling,
Colorado at 1330 MST (2030Z). Figure 156 shows the route followed by the
HICAT aircraft.

Figure 157 shows the OOOOZ, 16 February 1968, surface synoptic 2hart. The
large arctic high p-ersure system can be seen centered near Lander, Wyoming.
A quasi-stationary front lies along the southern periphery of the high and
passes through Arizona and New Mexico. Skies were broken to overcast in the
Denver area, end snow showers prevailed along the eastern slopes of the
Colorado Rockies.

At the 70 mb level (Figure 158), well defined waves, as indicated by the
temperature analysis, can be seen over the western half of the nation. The
length of these waves averaged 375 nm with warm thermal troughs oriented
north-south and centered over the OAK, ELY, DEN, and TOP areas. Winds at this
level are from 2700 in the sampled area and are normal to the orientation of
the isotherms.

Analysis of the 70 mb constant pressure surface (Figure 159) also depicts
waves analogous to those apparent in the temperature field. Ridges in the
pressure field analysis correspond well to warm thermal troughs in the
temperature analysis.

Figure 160 shows the vertical temperature structure over Grand Junction,
Colorado (GJT), Granby, Colorado (Special RAOB), and Denver, Colorado (DEN).
The Granby RAOB is near the middle of the run between Kremmling and Akron.
Relatively large vertical temperature gradients are apparent between 150 mb
and 50 mb over all three stations. Granby in particular has a AT/AZ of
1.45cC/1000 feet. Compare this with the average AT/AZ of 1.65"C/i000 feet
for vertical temperature gradients observed in Test 264.
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A vertical cross section of the turbulence encountered in this test is
illustrated by Figure 161. The altitudes shown for various runs may be con-
sidered an average for each pass. The degree of intensity of the CAT and the
location have been determined from examination of the time histories. The
turbulence varies from very light at 66,700 feet, to severe at 58,500 feet
and 55,500 feet, to light at 53,700 feet.

The turbulent layer in this case appears to be at le.st 13,000 feet thick.
Factors in this case considered to be significantly associated with meteoro-
logical conditions producing CAT are:

0 The wide band of relative strong westerly winds that prevailed through
a deep layer over the Rocky Mountain Region. (The pilot reported winds
from 2700 at 75 knots in the 53,700-55,500 feet layer.)

0 The well defined waves of about 375 nm in length that were apparent
from analyses as shown in Figures 158 and 15l•.

* The relatively large vertical temperature gradients present over
Granby (Figure 160).
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APPENDIX II

DATA PROCESSING

COMPUTING METHODS

Numerical Filtering

Low-pass Filters - Numerical filters were applied to basic measurements to
remove frequency corponents outside the range of interest. The filtering
process consisted of applying selected sets of numerical filtering weights
designed to pass only the useful frequency response range of each measurement.
Four low-pass filters of the type developed by Martin and Graham were con-
sidered adequate (Ref. 33 and 34).

Ideally, the Martin-Graham filter will (1) pass unaffected all frequency com-
ponents up to a certain cutoff value fc, (2) progressively attenuate frequen-
cies from fc down to zero gain at a termination frequency ft, and (3) reject
all frequencies greater than ft. The definition of this filter is given in
the frequency domain by the transfer function H(f).

0 IfJ -fc

H(f) f + [os - c

The time domain weighting function h(t) is obtained by performing an inverse
Fourier transformation of H(f).

h(t) f H(f) e df

sin 2wf t + sin 2wf t

wt[l- 4(f - r) 2 t2] I
276

I1__



Appendix II

A time function x(t) is then filtered by applying the weighting function h(t)
such that

Ar

x(t) = fh(T) x(t +) dT

where ýx(t) is the filtered output function.

However for the finite time case of discrete equispaced data, numerical approxi-
mations must be introduced. The technique here is to evaluate the weighting
function at the data sampling interval At for the (2N + 1) weights desired,
thus

h = h(nAt) n = ±1, ±2, ... Nn

and

= f + f
0 c t

by L'Hospital's rule.

The numerical filtering weights wn are determined by

h At
Wi = - n =O,-i..
n N

P=-N

where the summation term effectively normalizes the weights to force the
transfer function to unity gain at f = 0.

The numerical filtering operation is then given by

N
A

n -N

n-u-N
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Figure 162 Transfer Functions of Low-Pass Filters

To evaluate the effectiveness of the numerical approximatiorn on the transfer
function of the original filter design, the transfer functioi of the filtering
weights, H*(f), is computed by the cosine series transformation

N
IfI(f) v n cos 2wfnAt

n--N

Figure 26• graphically presents H*(f) for the four low-pass filters designed
for this program. Table Dr shows which filter was applied to each basic
measurement.

Hi_-pass Filters - High-pasn numerical filters were employed as an investiga-
tive tool in evaluating the effect of removing imesirable low frequencies
from the tnree gust vYahcicty components. Design of the high-pass filters was
obtained by aubtri.tttng Mrti'n-Gatham low-pass filters from an all-pass filter.
The numerical weight function of an all-pass filter is defined as unity gain
for the centra]. we~ght wIth zero pin for the sidsband veights. Transfer func-
tinns of the two high-pass filters selected for applicatior are presrented in

1.gure 95. ,

P78
S- - -_ ____ ____



JI

Appendix II

Numerical Integration

Simpson's one-.third rule was uaed for numerically integrating rate gyro
measurements and accelerc.tion te'•ms required for gust velocity computations.
Simpson's integrattion of a time function x(t) sampled with frequency f. = 1/At
is given by

x(t) dt = At x(tn) + 4x(tn + At) + x(tn + 2At

tn
n

Simpson's rule was selected for both its ideal phase and excellent amplitude
characteristics. To illustrate this, a comparison is made with the trapezoidal
rule. Since both rules have ideal phase, a complete comparison is afforded by
the amplitude ratio of their transfer fuinctions to that of the ideal integrator.
The ratios are

Ws(f) 2rf At (2 + cos 21rfAt)

3 sin 2wf At )

TABLE IX. LOW-PASS NUMERICAL FILTERING CUTOFF FREQUENCIES
OF BASIC .4EASUREENITS

Assigned Basic Cutoff
Number Measurement Freq, cps

3 Alpha-vane force 5
4 Beta-vane force 5 J

5 Indicated airspeed 5
6 Platform vertical acc 3
7 Gust probe normal acc 5
8 Gust probe lateral acc 5
9 Vernier altitude 3
10 Total temperature 5
1i Pitch rate 3
12 Roll rate 3
13 Yaw rate 3
14 CG normal acc 3
15 CG lateral acc 2
16 CG longitudinal acc 2
20 Coarse altitude 1
21 Fine altitude 2
22 Left wing nodal acc 5
23 Right wing nodal acc 5
25 Pitch angle 2
26 Roll angle 2
27 Heading sine 1 .
28 Heading cosine 1
29 Grid X-velocity I30 Grid Y-velocity 1.
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for Simpson's one-third rule, and

WT~
V= frAt(cot W f at)

for the trapezoidal rule.

The superiority of Simpson's rule is shown in Figure 163 where the amplitude
ratios wer#: evaluated at the basic data sampling interval of 0.04 seconds. The
maximum error is expected at the numerieal filtering cutoff frequency of 5 cps.
At this frequency, Figure 163 shows an error of 1.7 percent for Simpson's one-
third rille and -13.5 percent for the trapezoidal rule.

Aerodynamic Calcudations

Position error corrections and aerodynamic variables are determined in the
g--st velocity program prior to conputation of the gust velocity components.
The following calculations require Rm selected from either coarse, fine, or
vernier altitude transducer, and t t -from the týotal temperature p-robe

(a) Indicated Pressure Altitude

P5  ? 6.68322 in. Hg

11.0 i -
n 145,447. 29.913

CP < 6.68322 in. Hg.

H 20,•8 . e[ (6 .32)] + 36089

(b) Indicated Mach No.

M1  5[(#+ 2/7-j
1
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1.2

SIMPSON'S ONE-THIRD RULE

IDEAL INTEGRATOR

0 1.0

0.9
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0.7

0.6 t- ---- ,I'if. . .
0 4 5 L ,
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Figure 163 Aa.plitude Ratio Comparison of Simpson's One-Third

Rule and Trapezoidal Integrations

(c) The Mach number static position error correction, 5M, is determined

from the Mi verrus &Y6 relationship.

(d) True Mach No.
M+ 6M

(e) The altitude static position error correction, 6Hp, is determined

Com the w•err~uB SH' relationship.

(f) Corrected pres•-re attitude

H P = H +6H
pc pn p

(g) Ambient Temperature
t t + 273-16

ta i . 273.16

(h) True airspee1

VT 65.76Wt ta + '273.16
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(i) Ambient pressure

if H S 36089 ft.PC

P = 2116.22(1 - 6.87535 x 106 H
a ~6HPC)556

if H > 36089 ft.PC

-4. 806 34x 10 5 (H - 36089)
P = 472.675 ea

(J) Air density ratio

681.14 P
= t + 273.16i" a

(k) Equivalent airspeed

v: 1•/2
e VT

(1) Air density

1.619 P
a

= t + 273.16a

Gust Velocit•

The three gust velocity components (vertical -UV lateral - UL, and
longitudinal - UF) were computed as follows:

UV (VT& ) + (vT6p) 6 - VTA6

+ f~az dt + LXAO

UL (vTA) - (vTA.) A*+ VTA+

AVx cos % +,AVY sinA +L LA

U. F AVT - AVx sin A - AVY cosa
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where

AF + iaAa

VTA& 2 Ma
C PV S
Na T v

FN + M&ea,
VTA = 2 CN T

V APS TV T Sv

As indicated by these equations, the incremental velocity components of the.
aircraft relative to the ground are norma2ly computed from inertial platform
measurements provided for this purpose. However, alternate methods have been
programmed for determining the gust velocity components based on cg or gust
pro•e acceleration measurements corrected for aircraft attitude.

U = (vaa) + (vTAP) AOvae

+ (1 Iv.* a,,½
+ f daA1) dt + L

x

UL = vATP) - 4(a, ) A + + V TA )

-dt.+ L •Ad

U?-"T - If •A - A ,AO) dt

Incremental engles of pitch anid roll were computed from platform attitude.
measurements corrected for fuiselage bending by

A0 A% d+ kb~

+ bAaL

or from integration of the rate gyro measurements

AO*- fAbdt

A** JAdt
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Incremental yaw angles were ubtained from platform true heading measurements

or from integration of the yaw rate gyro.

A~i= JA4dt! f
After Simpson's one-third rule was employed for evaluating the integral terms,
the gust velocities were computed at 12.5 samples per second (sps), half the
"basic sampling data frequency. Since low-pass numerical filters effectively
terminated all frequency components beyond 6 cps, no aliasing of any signifi-
cance was introduced by reducing the sampling frequency. This significantly
reduced the processing effort to obtain the gust velocities, yet retained
the accuracy associated with Simpson's integration of 25 sps.

The derived equivalent gust velocity was computed as follows.

Ude C L P K VSa o g e

Wind Velocity

The average wind velocity, UAG, was determined from the average true airspeed
and inertial platform measurements. The wind velocity components with respect
to the aircraft are

u , -V sin- A
AF T

AP -V cos A

hence with respect to the ground

U = -V sin A + V, a -V cos A + V

UA(;, T - -
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The magnitude and direction,5, of the average wind velocity vector are
therefore computed by

UAG AGX, A+yI

.O%,

Power SDeotra

The power spectrum of a stationary random function x(t) is defined by

S"Mf R(T) coon 2Tfd T

where R(T), the autocorrelation function, is given by

T/2limit 3. C ,
R(T) - Tlimi -JT/2 x(t) x(t +T) dt

To estimate the spectrum for discrete equispaced data, the Tukey method was
employed (Ref. 7 and 35). The numerical approximations involved in this
method for a discrete function x of (n&l) evenly spaced samples from 0 to nat
seconds are presented in the following steps:

Prewhitening - To minimize the possible distortion from the relatiTely high
power anticipated at the low frequencies, a prewhitening filter is applied to
the data. This high-pass filter is defined by the transformation

A
X q a X q -xq-j q a 1, 2, ... n

Autocorrelatie - The autocorrelation function of the prewhitened data is
computed for (r+l) time lags from 0 to mAt.

n-p

"p - p l .+.,,p p 0-,1,... m
q- 1
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Estimating the Raw Power The raw, estimates of power are computed by
numerically evaluating the cosine series transform of the autocorrelation
function

:0p
A A bpn

=h 4At I a p RPCos-M h =0, 1, m

r where

* =0.5 p =0, m

0 <. p

-Smoothing the Raw Estimates -The raw estimates are refined by a smoothing
* technique called hanming.

0.25Lh.. I +-L -2L h 1, 2, .. r-i

A A A
=0.5L + 0-5LrnM-i m

Postdarkenin Thlie final power spectral estimates are obtained after the
smoothed estimates are compensated for the effect of the prewhitened trans-
formation performed in the first step, thus

* $h h1, ,..r
2-2 cos-

K ,- where
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and represent the power average over the frequency band in cycles per second
defined by

h +
2m1t - mAt

In analyzing turbulence data, it is deuirable to interpret their power spectra
as a function of inverse wavelength in cycles per foot. The average true air-
speed in feet per second is used for converting the spectral estimates.

,(l/)h) = VT@(fh)

The number of spectral estimates m is normally selected so that the data will
stay within certain confidence limits. The degrees of freedom k of a run of n
samples is a measure of the stability of the spectral estimates and is given by

2n
k = -- 1

m

Standard rms deviations are determined by numerically integrating the spectral
estimates for standard wavelengths, thus

where X2 is the wavelength corresponding to the 5 cps numerical filtering cut-
off frequency and XI is a standard wavelength. Rms deviations are computed
for wavelengths of 1000, 2000, 4000, 10,000, 20,000 and 40,000 feet.

Cross Spectra

The cross spectral density function between sample functions x(t) and y(t) of
stationary random processes is given by

M, af Ry(T) e"2wifT dT
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where R Y(T), the cross correlation function, is given by

=Y T-co T/
yT/2 d

If the cross correlation function, is given by

0 (f) =c(f) -iq(f)

xy

then c(f'), the in-phase power called the cospectrum, is the cosine series
transform of' the real part of the cross-correlation finction

02

-~ .and q(f), the out-of-phase power or quadrature -Dectrum, iEý the sire series
transform of the imaginary part of the cross-coi. elation 2.'.nction

q(f) 4 f Xyr - YX sin 2WrfT dT

0

where

Ry,(T) R Y(-~T)

The Tukey approximations emsployed to estimate the croa8-spectraJ. power forI discrete equally spaced data are presented below (Ref. T and 35).

Cross-correlating - Estimates of the cross-correlation function between so
input disturbance xl . x. and aui output response yi y. n are given by the

Ry fl np q yq+p p =02 1., .a
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for (m+l) positive tine lpgs of y wivh respect to x, and by

YX n-p I q q+p

for' (WI~) ue.'-tllý tie lass.

ftto t the JP• Le - The cross spectral power is derived by nuieri-

csy caluttin -IuIarGOe Fourier transform of the cross-correlation
function, thus it

Sch h 0, 1,... m

then the cospectral estimates are given by

2At ap (R +R
eh ~Pu bP '

and the quadrature spectral estimates by

where

0.5 p- , a

pa - 11•
1 O<p<I

ji,
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Additional relationships are determined when a cross spectrum is requested.
They are (1) the normalized cross spectrum given by

Sch q

h

(2) the phase lag given by

!-l

"tan'1 "h

7h

Sand (3) the coherency function, measuring the linear relationship of x and y,
determined by

3 2 2Ch + qh

Frequency-Response Functions

The frequency-response characteristics of cg normal acceleration due to
vertical gusts were estimated by two methods; the spectrum method and the
cross spectrum method. In the spectrum method, the amplitude of the frequency-
response function, 1Hs(f)), is based on the relation between the power
spectrum of cg normal acceleration denoted by 0 x(f) and the power spectrum of
vertical gust velocity denoted by y(f).

2
H 12f O.(n

The second method utilizes the croes spectrum of the cg normal acceleration
response to the vert:ical gust disturba~aces. The amplitude of the frequency-
response function for the cross spectrum method is given by

2900
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Figure 164 Example of Mean Crossing Peak Count

Statistical Counting Methods

Two statistical counting methods were employed to define the distribution
characteristics of selected acceleration and velocity data. In both methods,
the characteristic points are counted and classified into preestablished
positive and negative intervals constructed about the mean. The two methods
havw different criteria for determining a count.

In the peak count method, the characteristic points (peaks) are defined as
the maxim= or minimum value between successive crossings of a narrow band
about the mean. The purpose of the narrow band, called the threshold, is to
eliminate the counting of peaks resulting from insignificant fluctuations in
the datk. Figure 164 shows how peaks are determined, classified, and counted.
Note that the threshold in the example has been expanded for purposes of
clarity; it is normally plus and minus 10 percent of the counting interval.

In the level-'.rossing count method, a count is made each time the trace of the
discrete data iL'%ersects an interval level with a positive slope in the region
above the mean and with a negative slope in the region below the mean. An
example of the level-crossing count method is saown in Figure 165. j
After a data run has been processed by one of the counting methods, the .
following statistical parametbrs are determined.
Frequency of Occurrence - In the peak count method the counts &-,e sBumed
within corresponding positive and negative intervals. The accumulated counts
tor interval leveaI yi and y-i are indicated by g(yi), the frequency of
occurrence.
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0 CHARACTERISTIC POINT

Y4

Y3

~Y1

Y-2-

COUNTS

Figare 165 'Example of ' level-Crossing. Peak Count

Frqecy fExceedanc - For pealk cotvnt~s, the frequency of' exceedance,
ise mne each level. If 11 is the index of the ma~ximum level

for which a count was detected) then

N

G~i ~ j )l .

For the levml c~rossing count meth~od,, the~ frequency of occurrence is the
frequency ofC exceedance, hence

ua&edr~r Mie -If the frequency of exceedance io divided by the nwnmber
of Ai)03 in a data runi, the distribution becomes alA estimate of the
frequeucq of ex'.eeding a given velocity or ac~celeration, level per mile of
±21 cht. Tre excaeeaace per mlile was cciqxted by ~

G(y~ .

T N
where TNj isthe elapsed. time of the data run in secoinds,
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Probability Distribution Function -The probability distribution function0
indicated by F(y1 ), represe-nts the probability of exceeding a given level.
For level y,

F(yi) G(y)
G(y )

COM4PUTER PROGRAMS

HiCAT Basic Data Program

General. - The HICAT basic data program is the first of six digital computer
programs designed to reduce and display pulse code modulated (P014) data
previously processed to a compu~ter compatible format in the HICAT ground
station.

The purpose of the program in its normal production mode is to read the
ground station tape on Lockheed-California Company' s IBM Syste4/36o Computer
installation and perform tht- following sequential operations:

* Unpack the airborne.-recorded data

*1 Monitor frames for constant time interval

* Calibrate to en.3ineering units

* Delteet and correct sporadic data errors

0 Apply sets of numerical filtering weights

* Compute meanv and standard deviations

* ecord the results on tape and list in tabular form.

The folloving programs in the HIfC1T series are designed to accept the tape

generated in this program as their input data source:

0 ICAT gust velocity program

0 HICAT power spectral analysis program

* IA statistical. analysis program

0 41CATplotting program

* 1IUCAT elevator response program.

inpt fuirmens -The primway input to the program is a pround station
tap ontini adted runs of f~ight-recorded data. A cocqlate description

of the fozuat structure of this tape is given in Figure 166. Each time step
or frame oontain 5 digital channeals of switching intormat~ion, 3 tim

293-'I
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channels, and 40 analog channels reserved for basic measurements. The packed
data of 15 frames are assembled in logical records and the records are grouped

* by files. Each file contains the data for one edited run.

FILE FORMAT

VPIL IST 2ND AI m 7Tm 8m
ZND RAM FRAME V1RMFRAME RAM RAMAM

14- FRAM RAEN FILFAE

VRAME I FRAME FNAME FRAME FRAME FRAME FRAME SAP IDENT.

loT 2ND 3a 13-m 14-m IS.1 t Or
* 1 FR M E FR A M a R I. A M E F FR A M E G A PL

FRAME FORMAT
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The following additional information is input to the program to control the
reading, processing and reduction of the tape data.

• Test parameters identifying the test and defining test conditions
including the status of the data acquisition system.

* Analog channel assignments defining the configuration of the basic
measurements in the analog channels.

* Calibration data defining the method of calibrating each measurement.

* Run parameters providing the identifications and conditions required
for initiating the reduction of a data run.

* Status codes defining the logical path each measurement will follow
through the error search and numerical filtering functions of the
program. -. I

Unpacking and Reformatting - After the ground station tape data has been read
into a temporary buffer, an unpacking routine is employed to disassemble and
translate the data channels into working data tables as shown in Figure 167.
Then, the three time channels are merged to construct the time of day in
milliseconds. Next, the switching information in the five digital channels is
isolated and then combined in the proper sequence to form one word of binary
switching information and one word of BCD switching information. Finally,
analog channels containing measurement data are directed to their assigned
position in the table.

S..t • U

E!W!0. 553.YW -4M . -tt

* ., US 1A3III

3. SinS•

as-

Figure 167 Basi.c Data Tables i
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Editing - Although the data runs are formed as a result of editing information
obtained from the airborne-recorded data, additional information uncovered
after the ground station tapes are generated may warrant further editing. For
this purpose the program permits a start time and stop time to be input to
limit the processing of data to frames within the previously selected times.
This capability also enables a data run to be divided into several smaller
runs. Each of these may then be processed individually.

Correcting Time Errors - The time error routine ensures a constant time
interval of the data frames consistent with the sampling frequency of the data
acquisition system. The times associated with contiguous frames are
interrogated to determine if the proper time interval is maintained. Whenever
an error is detected, a search is effected until the proper sequence is
established. If the number of framies in the disturbed region is not equal to
the number of time steps required to maintain the correct time interval, the
frames are sorted into sequence in the data tables. The data associated withI idisturbed frames are then labeled for corrective action in the sporadic error
correcting routine which follows. An error criterion may be inptut which
limits each error search to a preestablished number of consecutive frames.
If no solution is detected within the prescribed limits, further processing
is terminated and the results are summarized and output for analysis.

Calibrating - Programming options are available for defining how each basic
measurement shall be calibrated. Figure 168 shows the pertinent functions of
the data acquisition process associated with the analog channel calibrations
produced in the data reduction phase.

As shown in Figure 168, the conversion of the raw data counts into engineering
units requires two calibration steps. The first step employs the calibration
of the PCM system. This calibration curve is entered with the count reading
and the corresponding voltagQ reading is obtained by linear interpolation.

Th- second step employs the sensor calibrations to convert the data to
engineering units. Options are available for utilizing either polynomial

curve fits or table look-ups for these calibrations.

Additional options are available- for bypassing all calibrations if raw data
counts are desired or limiting the conversion process to just the first step
if only volts are desired. These provisions were added to facilitate the
checkout of the data acquisition system and to permit special data
presentations.

Correcting Sporadic Data Errors - Sporadic data errors are defined as wild or
accidental data samples outside the range normally associated with systematic
or random errors. ESporadic errors are detected by comparing the first order
differences of the data samples with preestablished Jimits. Limits were
assigned to each measurement based on the data sampling interval. The
detected errors are corrected by inter;olating a linear fit constructed from
data samples immediately preceding and following the disturbed area. Gaps in
the table resulting from the inclusion of time errors are similarly corrected.
All sporadic data errors and their corresponding corrections are summarized
and tabulated in separate listings for review.
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DATA ACQUISITION
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Figure 168 Data Acquisition and Reduction of Analog Channel Measutrments

In addition, an error criteria may be established which limits the quantity
and type of error occurrences and restricts the processing of the bad test
data.

Numerical Filtering - The requirements for low-pass filtering are provided
through the application of four sets of numerical filtering weights irternally
defined in the program. The transfer functions of the filtering weights are
shown in Figure 90. One of the four weight sets may be selected for each
basic measurement depending on what frequency response is desired.

The numerical weights were determined by the method developed by Martin and
Graham (Reference 33 and 34). Application of the numerical filters is given
by the operation

N ¶

n--N

where wn are the (2N+l) filtering weights, xi are the input data samples and
ýi are the corresponding filtered data samples.

Computing Mears and Standard Deviations - The means and standard deviation
are computed for each measurement in the basic data tables and printed on the
tabular listings at the end of each run.
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HICAT Gust Velocity Program

General - The HIEAT gust velocity program was designed to compute aerodynamic
variables, gust velocity components, and the derived equivalent gust velocity
from the measurements reduced it. •he HICAT basic data program. Programi~ng
options are available for computing the vertical, lateral., a~±d longitudinal
gust velocity components using variouas combinations of the basic measurements.

The computed quantities are output on tape for use in the IIICAT spectral
analysis program and the HICAT statistical analysis program.

Input Requircnents - The primary input to the gust velocity program is the
output tape from the basic data program. Figure 167 lists the various

• measurements stored on tape. Accompanying the input t.ape is a group of cards

S~specifying operational and computing information. The information appearing
Ii on the card. input is as follows:

* Input and output tape identification

* Location of data on input tape, start and end time of selected data

sample, averages of air~plane response data, input tape samvpling

* Computation control codes, integration initialization v&..es, output
print sampling rate

* Parameter adjustments, reference and general functions.

While a complete block of input is being read into the computer, i~nitialization
is performed. Ooinands positioning the input and output tapes are execute
and all computing control information is stored.

* ~Operational Checks - To insure that the proper data tapes were lode, the data
appearing in the status control block on the input tape is readl and cepre
against the card input specifications. If any discrepancy occurs at this
time, the program is iwmdiately terminated and the reasons for termination
are printed out to facilitate corrective act ion. The operational checks

* ~ include tape loading, tap positioning, tape identification, and data aaqe
selection. If no error is sensed while performing the operational checks
the input tape is then positioned at the specified start time of the selected
data sample,

Preliminary Calculations and Tabulations - A specified •0unt of data is read
from the input tape, parameter adjustments applied, and gust entrance con-

S ditions and reference heading •egl are computed. The roeults of these

calculations a•ng with the isput ccmpiting information are tabulatod.

Generel ProcessinE Method - The general processing scheme was to read data
from tape into an input calculation table. Data in this table was used in the
subsequent calculations and stored in an output buffer. This inthcd

S elimniated all data s~le length restrictions since tbe input data was
processed in table-sized bites. The procedure was to perfobm inpu taee
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reads at the specified input sampling rate until the calculation table was
full or until the end time or data sample end was reached. Then all specified

parmetr djutmetswere applied to this table. If the end of the selected
data was sensed an appropriate flag was set. Computing continued in this
manners selecting data from the input table, performing specified
computations, and storing the answer in the output buffer. As the bufferL
were alternately exbousted or filled, input reads or samled output writes
into and from the appropriate buffers were executed. This process continued
until the end of the selected data sample was sensed. When this occurred, a
final output buffer write was3 performed and wind velocities calculated and
output. If a~re imput data was available, the program returned to rThe read
input position. If no more input was available, all data tapes were rewound
and unloaded and the oomputer run was terminated.

Conputations - The methods used in computing aerodynamic variables, gust
velocity coiyconents, an-idvlct r ecibderiri hsapni

undr CmpuingMethods.

HICAT S~pectral Anal.ysis Programn

General - The HICAT spectral analysis program was designed to coapute the
sta~tistical characteristics of turbulence data in the frequency domain.
Basically, the program may be implemented to compute the following funct ions
of the HICAT equispaced tiw~ series data.

0 Auto correlation * Normlized cross spectrum

0 Power spectrum * Coherency

oCroaS COM6lti:U 0 PhaseangleI

t aime as thoee preserzted in Plafereace 7. riol.fmto

its - The imput data sora y either be (1)tebai
iftdd 08 the tape Seneratted by the UICAT aicdt pTogrit,

or (2) the aerodynasie variabisa and guat velocity ocvqmms;t recorded on the
taegenerated by the KICA! gugt velocity progm. As ftta frmaie recorded

r a the irVA&tq. Ups w read, the samlas roquirel for comutivm tba first
aspettru ane directed to a table in core ==z7 uA the ramizing data
specified for pmocesain an~ trunfmrred to ran~sm acoes" maqatic disk
storage. Spectru are then compited until the data on dink in exhwsted
vberswon the input tope is rupositiceed and the nat can. initiated.

fte fblloving infoimotion is inpt for idontiflastion pu~omae and to control
the logical path throgo decisionM'. ing eVents in the PrgnM

* Test pssrintiere providing the necesayr identification of text j
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0 Spectral parameters defining the many options available for
computing spectra

* Run parameters defining the conditions under which cach run is to
be processed

* Data parameters defining the variables for which a spectrum is
desired

Statistical Adjustment of the Data - After all samples for a run have been
positioned ia the data table, two statistical adjustments may be applied to

S~the data prior to spectral computations. First, the linear trend is removed

by subtracting from each sample the corresponding time points along the least
squares linear fit of the data. Second, the data may be prewhitened by
executing the transformation

IA
X Xq.l

However, due to the distorting effect of this prewhitening, the resulting
spectrum must be compensated by postdarkening.

Spectral Computation - The mathematical operations involved in the computation

of power spectra, cross spectra and frequency response functions were outlined

in this appendix under Computing Methods.

1-HICAT Statistical Analysis Program

General - The statistical analysis program provides capabilities for determining
distribution characteristics of time series data. Two separate and distinct
methods are available. (See Figures 164 and 165.)

The first method is commonly referred to as the peak count method. A peak is
defined as the maximum data excursion between two successive crossings of a
specified reference line. This reference may be designated to be the mean of
the data or, wher- drift may be present, to be the linear leaEt squares fit of
the data. Allow, E for the "noise level" and reading resolution of the data
maý bu nade by the se.cification of a threshold :alue. This threshold value
determines a bandwidth on each side of the reference line. The only data con-
sidered in the peak determination is that data that occurs outside of this
threshold. Peak occurrences are determined, classified within intervals, and
then counted. Any interval width mai Ive specified.

The second method, the level crossing count, is concerned with the interval
levels intersected if one were to connect the discrete points of the data time
history. A threshold is not used in this method but the definition of the
reference and interval width is maintain.KJ exactly as in the peak count method.

In the region above the reference line, only level-crossings with positive slopes
are counted. Similarly, in the region below the reference line, only level-

crossings with negative slopes are counted. All zero-crossings are counted.
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The frequency of occurrence, frequency of exceedance, and the distribution
function of the count data are computed. Other statistical quantities such as
the mean of the data, the rms of the data, and the rms of the peaks are also
calculated and tabulated.

The statistical analysis program will accept either the basic data output tape
or the gust velocity output tape. The basic data tape is used as input pri-
marily to take advantage of an available option to calculate and count derived
equivalent gust velocity. The analysis of this output is useful in deter-
mining the turbulence intensity.

Input Requirements - The data to be processed is supplied on magnetic tape.
Operational and computing information is specified on card input. Information
appearing on the card input is as follows:

0 Input tape identification

* Location of data on tape, start and end time of selected data sample,
parameter selection

"* Threshold and interval specifications

"* Computation control codes, reference information

0p. rational Checks - During the input phase, the functions of program
initialization, tape positioning, tape read format specification, and computing
control definition are performed. Following this phase and prior to any com-
putations, an operational check is performed to ensure that the proper data
will be processed. This is accomplished by reading the information appearing
in the status control block preceding the selected data sample on tape and
comparing it with the data and tape requests as specified on the card input.
If any inconsistencies occur, error comments are printed and the run
terminated. If not, the input tape is positioned at the time specified to be
the data sample origin.

General Processing Method - To minimize tape manipulations and reduce card
input requirements, all data parameters selected for processing are read from
the input tape at ouie pass. The first data parameter requested is moved
directly to a calculation table. Any remaining parameters are stored on
random access magnetic disk storage. As each parameter is processed through
the statistical analysis program and the results printed, another parameter is
moved from disk storage into the calculation table. This process continues
until all the selected data is processed. If more card input is available, the
program returns to the read input position. If not, the input tape is rewound
and the computer run is terminated.

Counting Reference Determination - The reference to be used in the counting
methods may be defined in any of three various methods. The mean or a linear
least squares fit of the data may be calculated for use, or the coefficients
of any linear fit may be input. Once the reference line is determined, data
dev,-,tions from this line are calculated. The counts are performed an the
adjusted data array.
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Calculations - The rms of the fitted data as well as the rms of the peaks are
computed. The time between the first and last reference crossing and total
number of peak occurrences are also determined. A time series tabulation of
all peak occurrences is also formed. The counts are sumned for corresponding
positive and negative interval levels. The counts are also summed for corre-
sponding absolute interval levels to provide frequency of occurrence. The
frequency of exceedance is determined for each level. The frequency of
exceedance is defined as the number of times that an absolute interval level
is exceeded. The probability distribution function, the probability of
exceeding a given level, is computed by dividing by the total number of peaks
or counts. The optional derived equivalent gust velocity, Ude, was computed

* using average values as indicated in the following equation:

-qaW
Ude

CLo g e

HICAT Elevator Response Program

General - The HICAT elevator response program removes known elevator motion
effects from the cg normal acceleration time history. A transfer function
derived from elevator unit impvlse time responses is applied to the elevator
angle time history. The result is a corresponding time history of elevator
induced cg normal acceleration. These induced accelerations are subtracted
from the original acceleration history to compensate for elevator motion. The
final corrected cg normal acceleration is used in the calculation of Ude.
Results and intermediate calculations are stored on magnetic tle and printed
in tabular form for further analysis.

Input Re uirments - Tho program accepts the HICAT basic data tape as its pri-
=ary input. The following opeational data is required by the program for data
selection and computation:

0 Input and output tape identification

* Test identification, tape positioning, data sample selection

* Transfer function selection; trim conditions, derived equivalent gust
calculation data.

rorational Checks - The identification appearing in the data status control
block on the input tape is read and compared against the operational data input
to the progr-a. This identification check insures that the proper tapes and
specified data samples have been selected for processing. A discrepancy at
this point causes job termination and error trace information to be printed
for remedial action. If the operatlon checks a; performed satisfactorily,
data processing is initiated.

3014
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Preliminary Consideration - Trim information, transfer function selection, and

Ude calculation data are read from card input and stored. The data status
contrQl block and parameter location assignments are updated. The required
parameters from the selected data sample are read from the input tape and
entered into disk storage.

General Processina Method - Trim values are subtracted from the cg normal
acceleration and elevator position time histories as they are selected from
disk storage. The specified transfer function is applied to the delta eleva-
tor position in the following manner:

Let A 6 e (t) be defined as the incremental elevator angle as measured
from the trim elevator position.

Let r be the jth element in thn array formed by evaluating the
transier function, r(t), at the data sampling interval, At, over a
finite time span. Then the numerical equation for the induced cg
normal acceleration time histor.y is defined by:

a = r &6e
i =l i-j+l

for

1 S i < N, k=i

i a N, k=N

where

N = the total number of elements in the transfer function array.

The induced cg normal acceleration is then removed from the incremental cg
normal acceleration. This corrected incremental eg normal is used in the cal-
culation of Ude.

Output for the elevator response program is printed in tabular form and also
recorded on magnetic tape. The output magnetic tape is identical in form to
the basic data input tape with the addition of four new parameters. These four
new paramters are adjusted elevator position (elevator angle less the trim
value), induced cg normal acceleration, corrected delta cg normal acceleration,
and derived equivalent gust velocity calculated using the corrected delta cg
normal acceleration. The output tape generated is compatible to all of the
HICAT programs and may be used for further processing.

Numerical Filtering Program

General -- he HICAT nuerical filtering program applies a set of filtering
weights, as developed by Martin and Graham and discussed in this appendix
under Numerical Filtering, to HICAT gust velocity data. The program has the
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capability of utilizing any required digital filter, however, its use was
limited to using a variety of high pass filters only for its application to
HICAT data. Any of the data stored on the final gust velocity output tape may
be selected for filtering. Tabular output of raw and filtered data is
generated by the program. Output is also stored on another magnetic tape to
be used for further analysis.

Input Requirements - The program requires the final HICAT gust velocity tape
as its data source. Input cards specifying the parameters to be filtered andthe particular filter to be applied to that parameter are input to the program.
Operational data specifying input and output tape identification, data sample
selection and tape positioning information are also included with the card
input.

General Processing Method - Initially the selected data is read from the inputtape and stored in the calculation table. The first parameter to be filteredis selected and the desired filter to be used is moved to the calculation area.
Application of the numerical filter is defined by the following operation:

N
xi wn xi

n=-N

where

W are the (2N+l) filtering weightsS~n

xi is the input data sample array

x is the corresponding filtered data array

To apply the filter to the first and last N points of the data sample
array requires the generation of data outside of the given time series.
To satisfy this requirement the first and last N points were "folded" and
inverted,

After the data array has been filtered it is stored on an output tape with the
data formatted identically to the input tape. The 'resulting tape is then
available for analysis through the HICAT time history, spectral analysis and
statistical analysis programs.

ýMtaticns - The computations performed in the designing and implementing of
high Pass igital filters are in ac',ordance with numerical data filtering tech-
niques as developed by Martin and Graham and described earlier in this appendix
under CQmputing Methods.
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upontheresltsachieved since 13 Ma~rch 1967, the program extension date. The
prorameffrtrequired the measurement of CAT velocity components at altitudes of

4%00 to70,00 fet n 6geographic aes ntdetto are bsr h

U-2, consisted of a PCH system, an Inertial navigation systemi, aerodynamic and
aircraft response sensors including a fixed van* gust probe, oscilllograpb recorder,
and a digital mgeitaerecorder. Instrumentation capabilities permitted CAT

meaureent inthewavlenthrange from about 100 to 501,000 feet. "The program

objective was todtriethe stati ýticalchrteiisofigaltueCTo
ls ongitudinal st vlcitur teige cristories I andd pion spetra wreli fotrmined an
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velocity were obtained. A practical procedure forw fvrecasting high altitude CAT vas
de,reloped.( )The pilot's logi, gust volocity time histories uand pmvr spectra, as well
as flight tAcs and inetear,lIogical deacriptions of all the tests appear in
volume I1 of report.
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